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FOREWORD

This publication contains-papers that were the subjects of presentations at the Workshop ~n
In-Situ Heat Flux Measu-ements in Buildings, held at the U.S. Army Cold Regions Research and
Engineering Laboratory in Hanover, New Hampshire, on May 22-23, 1990. Stephen N. Flanders
presided as workshop chairman and is the editor of this publication. The papers contained herein
were each evaluated by two peer reviewers.

The workshop and this publication are sequels to a workshop held by the American Society
for Testing and Materials (ASTNi) i Philadelphia in 1982 and the proceedings of that workshop,
Building Applications of Heat Flux Fransducers, STP 855, published by ASTM in 1983. A paper
that was submitted to be part of this publication by Yurii A. Kovalenko, Institute of Thermo-
physics, Siberian Branch of the USSR Academy of Sciences, arrived too late to be included in the
workshop. This work is being published separately as a CRREL Special-Report entitled, Thermal
Conductivity of Porous Media and Soils: A Review of Soviet Investigations.

The workshop and this publication were sponsored by the U.S. Army Cold Regions Research
and Engineering Laboratory, the Building Thermal Envelope Coordinating Council, the National
Institute of Building Sciences, and the U.S. Department of Energy. In addition to Chairman
Flanders, the workshop steering committee comprised William C. Brewn, National Research
Council, Canada; George Courville, Oak Ridge National Laboratory; Andre Desjarlais, Holo-
metrix, Inc:; and Russel T. Mack, Dow Chemical U.S.A. Edmund A. Wright copyedited the pa-
pers in this publication.

ii




Ronald Atkins
USACRREL

72 Lyme Road

Hanovey, NH 03755-1290

Troy Bearden

Dow Chemical
Texas Operations
B-2406

Freeport, TX 77541

William C. Brown

National Research Council Canada
Building M-24, Montreal Road
Ottawa, Ontario, Canada K1A ORS8

Douglas M. Burch

NIST

Room R320, Building 234
Gaithersburg, MD 20899

Jeffrey Christian

Oak Ridge National Laboratory
Building 3147

P.O. Box 2008

Oak Ridge, TN 37831-6070

Andre Desjarlais
Holometrix, Inc.

99 Erie Street
Cambridge, MA 02139

Ashley F. Emery

Dept. of Mechanical Engineering
University of Washington
Seattle, WA 98195

Prof. Robert Erickson
University of Minnesota
2004 Folwell Ave.

St. Paul, MN 55108

LIST OF ATTENDEES

Hunter Fanney

NIST

Building 226, Room B322
Gaithersburg, MD 20882

Stephen Flanders
USACRREL

72 Lyme Road

Hanover, NH 03755-1290

Prof. William P. Goss

Gunness Laboratory 12

Mechanical Engineering Department
University of Massachusetts
Ambherst, MA 01003

Frederik van der Graaf

TNO Institute of Applied Physics
P.O. Box 155

Delft, Netherlands 2600 AD

Dr. James Kirkwood

Ball State University

Department of Industry & Technology
Muncie, IN 47306

Timothy Larson
University of Minnesota
2004 Folwell Ave.

St. Paul, MN 55108

Dr. David J. McCaa
Certainteed Corporation
1400 Union Meeting Rd.
Blue Bell, PA 19442

Russel Mack
Dow Chemical

Texas Operations
Freeport, TX 77541



Charles Mitchell

AGEMA Infrared Systems
550 County Ave.
Secaucus, NJ 07094

Eugene L. Perrine
Consultant

10 Independence Square
Bloomington, IL 61704

Thomas W. Petrie

Oak Ridge National Laboratory
P.O. Box 2008

Oak Ridge, TN 37831-6070

Richard Piper
R.J. Kenney Associates Inc.
P.O. Box 1748

Plainville, MA 02762

Dr. Anne Silberstein
CRIR—Isover St. Gobain
B.P. 19

60290 Rantigny, France

Pierre Thery
Université des Sciences
de Lille Flandres Artois

Batiment P3 - 3e Etage—UFR LE.E.A.

59655 Villeneuve d’Ascq
France

Jerry Wilson

US DOE

P.O. Box 5400
Albuquerque, NM 87115




CONTENTS

FOREWORD .....ovvviinniiiniiiissiisissimiiiiissssisssssisississsssssssssssssassnss
LIST OF ATTENDBEES .....cuiiiiinsniincinssssssssssssssssssesssssssssssseses

HISTORY OF HEAT FLUX TRANSDUCER USE ......ccvvviininnmnninninisss

Design, construction and application of heat flux transducers to the study of
insulations in buildings during the 1950s—E.L. Perring.......cumerssissecrisosessens

ERROR COMPENSATION AND CALIBRATION
OF HEAT FLUX TRANSDUCERS ......cccciiinininiisisiisismsssmissnsssonessss

Systematic errors with surface mounted heat flux transducers and how to live

With them—H.A. TFCLHOWEN ...vv.eeeererircecrcerisrscrireeeess oe = seerssssssssssesensensssesresens "
An HFT guard plate for exterior envelope surface measurements--

JLE. CREISHAN .ovoviriitereeerisiesesnesessisises st sssstese st asestsse st ssesessssesssssssnsssssssestone
Development of a method to assess HFT shunting error—R.T. Mack .ind

T BEAPAON ... evreeerrvereeiscvreesnninisessestssaestes s snesisrssassnsassasnssrnssnantssnessasessnssasasssnes
Verification of a thin-heater device as a secondary HFT calibration device—

T. Beardon and R.T. MACK ........cuoeenversersienseresesnesnsessenssnsssan s nsesssansssssssasans

MEASUREMENTS WITH HEAT FLUX TRANSDUCERS .........cocovnnninirinnnisennssaennns

The use of combined reflective and normal HFT's in determining convective heat

transfer coefficients and room thermal radiative balance—A.F. Emery,

AJ. Kippenhan, K.H. Nicholaisen, J.L. Garbini, J.H. Heerwagen,

D.R. Heerwagen and G.B. VArey ......ovvmveessnnessiennesisssesinninessessssssssssssssnssonss
An evaluation of the HFT technique for measuring the thermal performance

of Walls—D.M. BUrch QA R.R. ZAIT ......ceuurrersveveeirereressnresenenisessssessesesrosssssesesses
Determining the thermal admittance of a wall from in situ measurements of heat

flux and surface temperature at the same location—S. Belattar, B. Duthoit

UNA P THEEY c.nvsiiiitieciessiisissesesiesistsssims e et sasssae e ssssesesassesssssnsassssasssssssnsnns
On the extensive use of heat flux transducers for evaluating residential building

component performance—calibration and deployment—C.J. Kippenhan,

A.F. Emery, K.H. Nicholaisen, G.B. Varey, J.L. Garbini and D.R. Heerwagen ....

CALCULATIONAL TECHNIQUES .....ccooivmiiriiniinssnssiissnsssisssnsssssssenssns

Using parameter estimation to analyze building envelope thermal performance—
J.V.Beck, T.W. Petrie, and G.E. COUNVIIIE c..un.covvevvrnircrvcrreirincsnrissscnsessseseesaens
Prediction of errors for in-situ measurement of thermal resistance—
S.N. Flanders and R.T. MACK ......veeeeeeveeriercssrcvesiesvinssesieresvssnssesssassessasssnseneonse

INNOVATIVE APPLICATIONS AND TECHNIQUES. ........ccocivimiriiinnisenserersiinsnesennanes

Thermistor-based system for thermal conductivity measurement—R.T. Atkins
ARA EA. WEIRE .ot enrrecissnetssestrassssessessanasss sesstssssssessasssssnssesssssessessassses

Page

ii
il

13
15
29
53
81

95

97

111

123

143




An in-situ method for thermal conductivity and diffusivity measurements—

P MOPADITO covivivivisiisenesisissisissimsississsnssssisioisnsissssssssssisisisssenssssssnsssssssssssssassssssssss 237
Calibration transfer standards for penetration systems—W.P. Goss,
H. A. EImahdy and R.P. BOWEN .........ccovonvininennensssssssnenesssssssesssssssssonsasssnsssans 251

vi




HISTORY OF HEAT FLUX
TRANSDUCER USE




DESIGN, CONSTRUCTION, AND APPLICATION OF HEAT FLUX
TRANSDUCERS TO THE STUDY OF INSULATIONS DURING THE 1950s

E.L. Perrine Wiss, Janney, Elstner Associates
Bloomington, Illinois USA

ABSTRACT

A need for field performance data on insulations led to a search for suitable heat flux
transducers. When commercially available transducers were not found, heat flux transducers were
constructed using materials and designs similar to those which were being developed by the American
Society of Heating and Ventilation Engineers at that time. Thin bimetallic ribbons, thin strips of
electrical insulation and adhesive in sheet form were woven into matts which provided transducers with
sensor areas of 100 square in, and larger. The units had low thermal resistance, stable calibration
factors and good resistance to damage. Tests were performed under field conditions, on many insulated
buildings, in various parts of the United States.

In-situ heat flux measurements have always been needed. They are needed because it is often
impossible to predict the 1ctual performance of insulation systems using the geometry of the
construction and laboratory test data on the components. In 1951, when I began my career in thermal
insulation, there were other, and larger, uncertainties than exist today. These included the accuracy
of laboratory measured conductivities of building components, convection in insulations and air
spaces, radiation, and moisture effects. The company which I joined in 1951 produced vermiculite. It
was used as loose fill insulation and as aggregate in insulating concrete. The thermal performance of
vermiculite truly was unknown for the following reasons:

1. Handbooks, and other books on insulation, which listed data from well-known laboratories, often
reported, in the 85“6 tables, thermal conductivities for vermiculite of both 0.32 and 0.48
Buu-in/hr-sf-°F.*"" Other data in company files from outside test laboratories showed a range
of more than two to one.

2. Astudy of fuel usage made in Chicago by the local gas company was also available, The attics in
two groups of houses of similar construction had been insulated in the early 1930’ with loose
fill rock wool and vermiculite. The application thickness was 3 in. in all of the houses.

Annual fuel bills over a few years’ time showed no significant difference in the effectiveness of
the two insulations. The same laboratory, U.S. National Bureau of %Bndards, that had found a
"k" of 0.48 for vermiculite had reported a "k" of 0.27 for rock wool.' / For both products, the
insulation used in the houses was not the material tested by the laboratory.
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3.
4,

5.

Convection effects in attic insulations had been reported, but data were very limited.(z)

Radiation effects were recognized, but the effect on insulation performance in attics had not

been quantified.

Mass effects were known to be significant. There was ample evidence that the' mass of masonry
walls and of concrete roof decks reduced peak heat loads. Substantially improved summer thermal
performance of buildings often had been observed, but even rough quantitative evaluation methods
had not been developed.

Moisture effects had been investigated, but data were sketchy. An article, by someone not
connected with the company, concluded that each 1% increase in moisture increased the thermal
conductance of organic materials by 4% and that of inorganic materials by 2%. We liked that
because "k" tests are made in the oven dry condition, and most inorganic materials, including
vermiculite, are less hygroscopic than organic materials.

There was another problem. It was nontechnical. The company was primarily a raw material
producer. More than half of the ore produced was processed and sold by small licensee companies.

Figure 1 X-ray of a 1951 heat flux transducer showing small area sensor. Thermopile was

formed by plating a material of low electrical resistivity on one-half of a winding
of high electrical resistivity.




Several of these companies were very aggressive promoters. Like many of their competitors, they
favored the use of the most advantageous test data, even if it came from little-known or
unreliable laboratories.

The need for both laboratory and field data was obvious. Accurate, steady-state, laboratory data
would determine if the significant variations in gradation and processing conditions, which could be
employed in the vermiculite production, would result in the wide range of conductivities reported.

But only field data would provide the needed in-use performance data for vermiculites and comparisons
with other products. In-situ measurements would permit the observation of diurnal heat flux cycles.
Thermal lags due to the mass of insulations and other building components could be evaluated. Effects
of moisture in insulations under used conditions could be observed.

A search was made for commercially available heat-flux transducers. None of those that we
located would provide us the instrumentation that we felt was desirable. The most commonly used
transducer was about 5 in. square, but the sensing area in tite unit was two strips, 2 in. long, spaced
about 1 1/2 in, apart (Fig. 1). We were considering constructing our own transducers using fine
thermocouple wire to build a large area thermopile on a thin layer of insilating material.

Fortunately, before we embarked on such a construction program, we leamned that the American Society
of Heating and Ventilating Engineers (now the American Society of Heating, Refrigeration and Air
Conditioning Engineers, ASHRAE) laboratory in Cleveland, Ohio, was building some large area, low
thermal resistance heat flux transducers. We visited the laboratory and learned that the construction
consisted of a thin bimetallic ribbon woven with strips of thin insulation. The bimetallic copper-
constantan strip was formed so that the two metals were edge-to-edge in a 0.002-in.-thick ribbon. By
notching the edges on alternate sides, to a point slightly more than one-half way across the strip, a
series of altemating positive and negative thermocouples was formed (Fig. 2). When woven with the
insulation material, the positive and negative thermocouples were on alternate sides of the

insulation, forming a thermopile. The insulation used was a 0.020-in.-thick phenolic sheet (Fig. 3).
Thin layers of electrical insulation were applied to both sides and thin anodized aluminum faces were
applied to the outside of the assembly. All the components were laminated together with a

heat activated adhesive. The ASHVE laboratory generously supplied us a list of all the materials
used, the names of suppliers, andé?tailed construction techniques. This information was published
later in the ASHVE Transactions' ™, Materials similar to those used by the ASHVE laboratory were
- obtained and units were soon produced.

Figmwe?2 A bimetallic ribbon notched to form a series of thermocouples for the thermopile in
the heat flux transducers. '




Most of the transducers constructed had a metering area approximﬁtely 10 in, square. The overall
size was !1 iit, square. There were 50 thermocouple pairs in the 100-in,” metering area. By cutting
the thermocouple and insulating strips narrower, a fcw transducers were constructed with 200

thermoconple pairs in the same metering area.

Initial output vs. heat flux calibrations were made using a guarded hot box apparatus as the heat
flux source. Each of two transducers was sandwiched between two 1-in. pieces of insulation of known
conductance. The guarded hot plate apparatus used was not of ideal dimensions because the test area
was 8 in. square and the guard area was 4 in. wide. Bowever, surface temperatures measured at the hot
and cold plates were found to be uniform. These, with the known conductivities of the insulation
layers, were used to quantify the heat flux. Additional calibration tests were performed with
1/8-in.thick aluminum plates added adjacent to one side of the transducers. Also, tests were made
with wider borders or guard areas on the transducers. Calibration differences, due to these varied
test conditions, were all found to be under one percent. The differences were judged to be
insignificant variations for the planned field studies. This was especially valid because the primary
interest was to compare the installed performance of various insulations due to material properties
and installation details present. Later, similar calibration tests were made with the transducers
mounted on various specimens of known conduction undergoing tests on a calibrated hot box. Again, the
calibration was not significantly different on low and high conductivity materials,

No calculations were made to evaluate the distortion of the heat flow path due to the additional
insulation added in the metered area by the transducer. However, it was noted that the total
thickness of the nonmetallic components (phenolic electrical insulation and adhesive) used in the

B P—

Figure 3 Weaving used in the construction of the heat flux transducers.
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transducers was only-approximately 0.035 in. This added less than two percent to the thermal
resistance of even the lowest resistance building elements being evaluated.

For field use, the output of the transducers was sufficient to be read on portable, taut
suspension, beam-of-light galvanometers. The only power required was a battery for the lamps in the
galvanometers,

Support frames were constructed for the transducers which pressed them firmly to the building
element being tested (Figs. 4 and 5). They also formed a tight seal between the edge of the
transducer and the tested surface. Tests of this application method on smooth surfaces showed very
small differences in measured heat flux when comparisons were made with fully adhered transducers.
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HEAT FLOW METER DEMONSTRATED. Dr. George E. Ziegler
(right}, director of research for the Zonolite Company. and Eu-
geng Perrine, senior physicist, demonstrate the heat flow meter
they are using o obtain new facts about insulation, The instru-
ment, which converts heat flow to electric current for measure-
3 ment, is the newest scieniific tool in the study of hest and in-
sulation.

Figure 4 Frame used to hold heat flux transducer in contact with the building element being
tested.




Initial tests in the laboratory showed a problem that still exists today. Wide swings in output
resulted from even the smallest air currents. This caused us to try draft shields around the test
areas and heavier aluminum faces on the exposed sides of the transducers. Only modest improvement
resulted,

In most instances air temperatures and wind velocities were measured during field tests. These
and the heat flux measurements were used to calculate the thermal performance of the building
elements. In laboratory tests surface temperatures were also measured.

2,

Figure 5 Heat flux meter in use.

A recorder, using a Polaroid camera back, was built onto one of the galvanometers (Fig. 6). This
permitted limited visual averaging of the constantly changing deflection. With changes in recorder
speed, data over periods from a couple of minutes to 24 hours could be recorded. A General Electric
strip chart recording galvanometer was also used in some studies.

In most of the field studies the data taken was judged sufficient to evaluate the magnitude of
specific differences in construction, It was seldom sufficient to provide precise resistance for the
details present, And, because daily cycles vary from day 1o day, one always felt the need for much
longer measurement periods or further tests on a hot box apparatus with programed diurnal cycles,

Initial heat flux tests were carried out in a few homes in the Chicago area, These included some
wood frame houses where the attics had been insulated as part of a study by the socal gas company in
the early 1950’s, In all cases tests were made both between ceiling joists and directly under joists.
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Figure 6 Recorder constructed for field used.

The difference in readings indicated the change in heat flux caused by 10 linear i..ches of joist. For

the typical 16 in,-on-center joist spacing, this difference had to be reduced by ten percent to

quantify the effect of the 9 in, of joist per square foot in the ceilings. The effects of other

irregularities in the constructions, such as bridging and ill-fitting batts, were also evaluated. The

heat flux data obtained in the houses used in the early 1930’s gas company study were very limited and
not especially useful. Floors had been added to some of the attics, some had been reinsulated, and
materials were stored in others. We did observe a pronounced loss in thickness in some of the early
mineral wool,

We then took the equipment to the Carolinas where a writer was doing some articles on the
perfermance of insulation in walls and ceilings of houses. During our travel to the first house to be
tested, we discussed the fact that if the owner had turned up the thermostat that morning, the heat
flux would probably still be higher than normal for steady conditions. The first test location was a
wall. The meter immediately read a heat flow inward on a day with a 35°F outside temperature. With a
couple of questions, we learned that the owner made a practice of turning the thermostat high in the
morning and then lowering it to the daytime temperature after the house had warmed. The temperature
had been tumed down one half hour before we arrived.

In Minnesota we measured heat flux in well-insulated buildings in cold weather, Results were
mostly as expected. The high temperature differences made accurate comparisons of different
constructions and insulations possible,

In Florida we checked both insulated ceilings and concrete block walls with and without
insulation in the core holes, For the latter we constructed transducers of sizes such that the
metering areas could be positioned to cover the same proportions of core, web and mortar joint as
existed in the walls. This gave flux readings that did not have to be corrected for these differently
performing arcas. Some of the summertime attic insulation evaluations made in Florida showed

9




unexpectedly high results. Often the anomalies were easily explained when attics were inspected. In
some attics insulation had lost thickness due to moisture exposure, Displacement by wind through
vents was another cause. In others, high heat fluxes appeared to be due to radiation. Studies made
later in a house in the Chicago area confirmed that some low density insulations did perform
significantly better with an added radiation shield.

We also investigated the convection in concrete block walls by placing transducers at the top,
center, and bottom on the interior side, Under winter conditions, large flux differences were
measured. When the core holes in the blocks were filled with insulation, the convection was blocked.
Heat flux was much more uniform over the surface of the *all. These tests were first performed under
field conditions, Later they were repeated in a laboratory setup where the same wall could be tested
before and after filling with insulation,

When performing tests on concrete block walls, care was taken, as much as possible, to include a
proporiional amount of web area in the actual test area, This was done by carefully positioning the
10-in.-square transducers or using special size transducers, For a.block with a nominal size gf
8 by 16in. and Lhiee webs of 1 in, thickness there is abaut 22 in.” of web area in the 128-in,” gross
arca, The 100-in.” test area should include about 18 in,” of web area. This is accomplished by
positioning the transducer so that it covers two adjacent webs and part of a web in the block above or
below. The amount of joint area covered is not as critical, but it too can be approximated by the
described transducer placement. With this technique it was not necessary to make additional
calculations to determine the average heat flux through the wall being tested.

Other laboratory tests were made on insulated, porous block walls without an adequate vapor
retarder coating. They could be opened at the top for inspection. When frost formed in the core
holes, because of the lack of a vapor retarder, the frost was uniformly distributed. It was not
deposited as blocks of ice at the bottom outside corners of the cavities, as is usually the case in
empiy cavity walls when moisture enters and the exterior surface of the cavity is below freezing,

Unexpected heat flux observations made in the field were often studied further in the laboratory.
The transducers were frequently used in these laboratory tests. The nature of many specimens, or the
types of tests, would have made the use of a guarded or calibrated hot box costly. Specimens were
built into the tops or sides of temperature-controlled, insulated boxes placed in a constant
temperature room. The transducers were attached, and tests were run using various moisture and
temperature conditions." *© This avoided the use of more expensive equipment for long periods of time,
More thorough testing on other equipment was frequently done when the results indicated that such
testing was warranted,

Many interesting studies were carried out both in the field and in the laboratory. The equipment
cost was very low. Most tests were performed on existing constructions. Often the insulation used
could be changed quickly after the completion of one test, and initial testing to determine time of
equilibrium commenced on the next product or installation as soon as the following day. The number of
tests that could be performed in a given period of time was very high because of the short downtime.
The transducers were also a valuable addition to studies of dry and wct insulations in the roof’s of
test huts where the heat lags and daily reversal of heat flux was observed more accurately than with
surface-temperature and energy-use measurements.

The durability of the transducers when given careful handling was excellent. No indications of
delamination or significant changes in calibration were observed over a period of more than 15 years.
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ne Perrine

(s What measurement range did the described heat flux transducer work over?—Unsigned.

A: I do not recall determining the heat flux range over which the transducers could be used. They
were used with fluxes from as low as 0.1 to as much as 100 Btu/ft2 - h.

Q: What was the composition of the insulating concrete which you mention in your presenta-
tion?—Unsigned.

A: Most of the heat flux studies on wet and dry insulating concretes were on vermiculite concrete,
usually a mix of one 94-pound sack of portland cement with 6 cubic ft of vermiculite, plus an
air-entraining agent. Additional tests were performed, using perlite and cellular concretes.

Q: You mention that you,were able to place the HFT on CMUs (concrete masonry units); such
that you accounted proportionately for mortar joints, webs, and cavities. How did you con-
vince yourself that your millivolt readings were representative of a whole wall, in light of
three-dimensional heat flow effects in the CMU wall? The surface area proportional coverage
(of the HFT) would not necessarily represent the heat flow proportional (distributions) at the
surface.—Jeffrey Christian.

A: In 1955-the Vermiculite Institute had-a series of hot box tests performed at the University of
Pennsylvannia at University Park/State College, Pennsylvania. Concrete masonry units from
the same lots of units used for those (hot box) tests were used to construct the test walls in our
laboratory (for HFT tests). Tests on those walls and surface temperature profiles generated by
the University of Pennsylvania convinced us that we were obtaining sufficiently accurate data.
Some of the University of Pennsylvania test results still appear in the ASHRAE Handbook of
Fundamentals.




ERROR COMPENSATION AND CALIBRATION
OF HEAT FLUX TRANSDUCERS
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SYSTEMATIC ERRORS WITH
SURFACE MOUNTED HEAT FLUX TRANSDUCERS

AND HOW TO LIVE WITH THEM
H.A. Trethowen Building Research Association of
New Zealand

Wellington, New Zealand

Abstract:

This paper is basically a tutorial on the use of a parametric model for
the quantitative prediction of systematic errors with surface-mounted
HFTs. Full details of this parametric model have been previously
published. By use of progressive changes in a simple example, this
paper shows how errors and fluctuations in the errors, can be
determined approximately using the model. Effects such as contact
resistance, HFT thermal resistance, wind, emittance matching, and
sample properties are examined one by one. Some conclusions about the
influen : of these errors are drawn.

A particular point made is that errors may be either stable, or highly
sensitive to environmental changes. A particular value of this model
is to enable the user to choose the measuring environment so that
errors are stable and therefore correctable.

1. INTRODUCTION

Heat Flux Transducers (HFTs) are informative, cheap, and easy to
use, but their behaviour is not simple. These valuable devices won't
be reliable if used in a "catalogue engineering" manner - the selection
must take account of a number of features of the item under test, and
the environment it has to work in. Changes due to aging and

environmental variations can be of great importance, and may not always
be known exactly.

HFT's are so versatile that they can be discussed sensibly only
within predefined limits, in this case to surface-mounted HFTs applied
to building heat flux measurement in steady or slowly varying state,

Previous literature (1, 2, 3) has offered much generalized advice
on how HFT's should be used. But because the purposes of HFT
installations vary so widely, and so do the constraints, any
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genecnlized advice may have to be tempered in some cases. This note
gives such estimates of how significant a departure from this advice
may be, and how to compensate for its effect.

Previous papers (1,3) have discussed HFT faults (such as
sensitivity to lateral temperature gradients, large edge/face area
ratio, improper calibration, etc.) This note deals exclusively with
the behaviour of perfectly calibrated, ideal HFT's and is basically a
tutorial on a parametric model first presented in reference (3).

2. OBJECTIVES AND DEFINITIONS

The usual objective when using HFTs is to find the value of heat
flux which would have occurred in the undisturbed state - i.e. with no
HFT present. But disturbance to heat flux is intrinsic to the use of
passive HFTs. It is only possible to avoid disturbance in special,
restricted - and usually transient - conditions. Therefore some
systematic error is inescapable. Typically these errors will change
with time or conditions, which are as important to the final accuracy
and reliability as is the quality of the HFT itself, or its
calibration.

A perfectly calibrated HFT is taken here to mean one in which the
heat flux through the HFT itself is exactly represented by the output.
The systematic error is taken to mean the difference between the heat
flux in totally undisturbed conditions, and that indicated by a
perfectly calibrated HFT. This error may be either positive or
negative, corresponding respectively with the HFT indicating either too
low (the usual case) or too high.

These systematic errors can be estimated using a parametric
model, defined in Figure 1, which offers a quantitative estimate of the
systematic error.E for perfectly calibrated, unguarded, surface-mounted
HFT's. It uses three dimensionless parameters H, Emin, and Emax. The
model was introduced and justified in reference 1 on the basis of
computer modelling and compatibility with published measured data. It
describes the systematic error F as a power-law function of H, unless
constrained by the limiting error values Emin or Emax. The three
parameters have both common and independent factors.

Suppose that for some case the parameter H were to be varied from
very small to very large (e.g., by varying the size L of the HFT). The
error would initially remain nearly constant at Emin as H increased.
But when H becomes large enough, error E would increase with H
according to a power law, until it approached Emax, where E would again
level off, The three stages in this description were named in recf, 3
as:

"Insulation-controlled regime" - This corresponds to an arbitrarily
large HFT. The error is simply the resistance ratio of the HFT
to that of the total wall, and is denoted as Emin.
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where
E =1 - Qi/Qo
QL = indicated heat flux
Qo = undisturbed flux
Rh = HFT series resistance
Re = contact resistance
Rms = surface resistance over HFT
Rs = surface resistance over undisturbed structure
Rt = total thermal resistance of test structure
k = thermal conductivity of top substrate layer
t = thickness of top substrate layer
L = length or breadth of square HFT
= 2AB/(A + B) for rectangular HFT
s = sgn(m) (=t1, according to the sign of Rm)
c = fitted constant = 2,1136°
n = fitted constant = 0.465
Rm = Rh + Rc + (Rms - Rs)
Ep = S.C.H®
Emin = Rm/(Rm + Rt)
Emax = Rm/(Rm + Rs)
Figure 1. Parametric Model of heat flux transducer error (for surface

mounted HFT without edge guards).
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"Power-law regime" - This is dominated by edge leakage around the
HFT perimeter. The error is a function of a dimensionless
parameter "H," and is denoted as Ep.

"Surface-controlled regime" - This corresponds to an HFT placed on a
substrate of infinite lateral conductance, or to a zero breadth
HFT., The error is equal to the ratio of the effective HFT
resistance to the surface resistance, and is denoted as Emax.

The value of this model is that it is comprehensive, and thus
offers the designer a way to compromise between conflicting
needs. The actual errors predicted by the model are themselves
only approximations.

3. THE BEHAVIOUR OF A SURFACE-MOUNTED HFT MEASURING SYSTEM

It can be seen from Figure 1 that the behaviour of an HFT
measurement system depends strongly on a dimensionless parameter "H",
An accurate system requires that H be made small enough. This would be
approached by making the HFT effective series resistance Rm small or
the size L large, whilst the higher thermal resistance, the better the
accuracy of the HFT. There are several complications in manipulating
the factors of "H". These will be discussed below.

The strongest single factor is the effective series resistance
Rm, given by equation (1):

(L)
Rm = Rh + Rc + (Rms - Rs)
Where:
Rh = series thermal resistance of the HFT alone
Re = thermal contact resistance between HFT and substrate
Rms = total thermal surface resistance over HFT
Rs = total thermal surface resistance over surrounding
area

The quantity Rm is not only the strongest single factor in
determining the measurement quality, it is also the most complicated.
Most users of HFTs are aware of the value in choosing a low HFT
resistance Rh. It is not so widely appreciated that it is not Rh
alone, but the composite value Rm that controls accuracy.

The series thermal resistance of HFTs ranges widely. Commercial
HETs have been rsported as having resistances from about 0,002
m“°G/W to 0.03 m“°C/W._ Special purpose HFT's vary more widely,
and values up to 0.1 m2°C/W have been reported.

4, EXAMPLES

No step-by-step procedure for selecting HFT systems has yet been
found, and so it is necessary to use iterative or trial-and error
methods. In this paper we first take a typical example case to
illustrate the use of Figure 1, and then in subsequent cases vary one
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factor at a time, to show how apparently simple variations can produce
major changes in the quality of measurement. The complete calculation
data for all examples are summarized in Table 1, so that calculation
may be traced through. The results of those calculations are presented
in Figure 2 to illustrate their relation to "H" and the three operating

regimes.
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Figure 2. Locations of Example Cases from Table 1, on parametric

correlation diagram.

EXAMPLE 1: Case 1 in Table 1

A Base Case

A wall with 10 mm thiciz gypsum plaster-board lining (k = 0.16
W/m°C) has an overall thermal resistance expected to be about 2 m“°C/W.
The surfaces are nonreflective, air is nominally itill, and an HFT of
50 x 50 mm and a series thermal resistance 0.0l m“°C/W is to be used on
the lining board. The surface is rough, so we allow a mean gap 3f 1 mm
between HFT and plasterboard, and choose a filler paste of 1.0 m“°C/W
conductivity. We also intend to make the infrared emittance of the HFT
the same as that of the surrounding plasterboard. Surface resistances
and other thermal properties can be found from standard handbooks,
e.g., ref (4),.

Then:

(a) HFT resistance Rh =~ 0.01
Contact resistance Rc = 0.001

0.011

Wind speed = 0, Rms = Rs = 0.09
Rm =~ 0.01 + 0.001 + (0.09 - 0.09) = 0,011
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(b) Then we find H, as:-

H= (0.011)2 0.16%0.01%0.09 [0.5

----------------------

(e) We then have to check the limit values Emin and Emax:-

Emin = 0.013 / ( 0.012 + 2 ) = 0.0055 or 0,55%
Emax = 0.013 / ( 0.011 + 9.09) = 0.109 10.9%

(d) From Figure 1 we then see that for H = 1.6*10'4; the error Ep
from the power law effect is predicted to be 3.6%.
(e) Finally, because neither limit Emin or Emax approaches Ep, the

final error E will be similar to the power-law error Ep.

We conclude that this selection would operate in the power-law
regime, with a measurement error of about 4%. If the only in-service
factor likely to change is the surface resistance, then the effect on
H, and hence on systematic error, must remain very small. The
predicted error of 4% should therefore be consistent, and may be used

as a nearly constant correction to all heat flux data measured with
this system.

EXAMPLE 2: Effect of Contact Resistance (Case 2 in Table 1)

For an HFT with no contact filler paste, we can expect the gap
width between surface and HFT to be less than say 1 mm. It can be
shown that for such small gaps the contact resistance will be dominated
by air conduction, and will be about 0.04%b m2°C/W (where b is gap
width in mm), regardless of surface emittance or orientation. Where
filler pastes are used, the contact resistance might range from 0.001%b
for conductive pastes (k = 1.0) to 0.003*b for less conductive pastes
(k= 0.3)., If a filler paste is used, it is therefore more important
that the paste does not shrink, embrittle, or crack, than what the
paste conductivity might be when new. It can be better to use no paste
than one at risk of shrinking or cracking.

Suppose our HFT of resistance (.01 has 1 mm of a conductive but
brittle paste, which later cracks and forms a 1/4-mm-thick crack layer:

Then Rm would change from 0.211 to 0.021 (see Tzble 1).
H would change from 1.6%¥10"% to 5.9%10°%.
Ep would change from 3.6% to about 6.7%.

As in example 1 the limiting errors (1% and 19%) do not impinge
on the result, and this case also operates in the power-law regime.
The consequence of cracking would thus be that an initial error within

4% might suddenly double, but there would be no physicel indication of
such a change.
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EXAMPLE 3: Effect of mismatched Surface Resistance (cases
1.3,4.5 in Table 1)

Many authors, e.g., Flanders (1985), have drawn attention to the
effect of differing emittance between the HFT and the surface it is
mounted on. Using the parametric model we can describe in some detail
the effect of a mismatch. The effect comes about by the influence on
Rm of the term (Rms - Rs) in Eq. 1. This is dominated by any
difference in emittance, although texture and edges can affect the
convective heat transfer coefficients,

If both surfaces have the same emittance, the term (Rms - Rs)
will always be zero or small. If an HFT surface is reflective and the
surround is black, then (Rms - Rs) will be positive with a value of
about 0.09 when there is no wind. The systematic error will increase
siice Rm will have risen from 0.011 to 0.101, but more importantly it
will ‘be strongly affected by any variation in wind strength. If the
HFT were black and the surrounds reflective, then the (Rms - Rs) term
will be negative, with a value of -0.09 at no wind. The value Rm, and
hence measurement error may therefore become either positive’ or
negative,

Table 2, Effect of mismatched emittance, no wind.

wind = 0
Black HFT Reflective HFT
Error E%
Black surface 3.6% 28%
Reflective surface -19% 3.1%

The results for this condition can be seen in Table 2. If the
HFT surface and the surrounding surface both have similar surface
emittance, whether high or low, then the calculated error E remains
low. However if the surface emittances differ, the error can not only
increase tenfold, but can be either positive (reading too low) or
negative (reading too high). All cases are in the power-law regime,
although case 5 is nearing the Emax limit.

EXAMPLE 4: ct Wind Cases 6 - 9 in Table 1.

For this example we consider the same conditions as in EXAMPLE 3,
except that the wind strength is set to 3m/s. This lowers all surface
resistances, and also decreases the differences due to emittance.
Consequently the effeccts of surface emittance in EXAMPLE 3 remain but
are less marked in this example.
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Table 3. Effect of mismatched emittance, 3 m/s wind.

wind = 3 n/s
black HFT reflective HFT
Exror E%
black surface 4.4% 8.0%
reflective surface 0.45% 4.2%

In the case of black HFT and reflective surround (casz 8), wind
has caused the calculated error E to reduce sharply, but has just
failed tn go negative - small changes to the surface resistances Rs or
Rms may cause this to occur. Comparison of examples 3 and 4 shows that
the effect of changing wind speed is severe if the surface emittances
are mismatched, but quite minor otherwise.

EXAMPLE 5: Effect of High Conductivity Substrates (Case
10 in Table 1

If there is a highly conductive substrate layer such as metal or
concrete under an HFT, then it might be expected that this would have
an effect on the heat flow measurement. The parametric model predicts
such an effect, by the effect of the k*t term in "H". The effect is
especially strong if the HFT is small (i.e., "L" is small), or sample
resistance Rt is small.

Consider the case when the HFT from examples 1-3 is used to find
heat flow from a machine hood, with -a painted 1 mm aluminium skin, and
insulation of 10 mm expanded polystyrene, i.e., R-value about 0.3 m?
°C/W. The surface resistance remains at 0.09 m? °C/W.

From Table 1 we see that the power-law error Ep would be 25%.
However the value Emax is lower than 25%. This case therefore must
operate in the "surface-controlled" region. The calculated error E
will be close to Emax, 10.9%,

If this is explored further by considering a drop in the surface
resistance - if air speed increases for instance - then we find that
the actual error will increase sharply. If the air speed increases to
3 m/s, and the surface resistance therefore falls to 0.04, then H does
not change greatly but the value of Emax will rise to 22%, and the
final error E will rise with it.

It is characteristic of the "surface-controlled" region that the
measurement accuracy becomes dominated by thz surface resistance Rs,
with errors varying erratically with time in response to variations in
wind speed.
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LE 6: ect of e size arge HFT Case 11 §
Table 1)

If a large size HFT is required for some reason - say to span the
framing pitch of a timber frame wall - then an HFT may not even need to
have small thermal resistance. Consider Example 1, but with_a large
HFT of say 500 x 500 mm, and a large HFT rezistance of 041 m2°C/W.

Then the value H will increase from 1.6%10°" to 13.6%10° ", and the
predicted error E will increase to 9-10%. However as in Example 1,
this may also be seen to be a stable error that will not change
significantly with air movement, and may equally be a usable option.

In fact, such an option may be particularly resistant to change of
contact resistance, since that factor can no longer have much leverage
on the value Rm. The change that caused Example 2 to jump from 4%
error to 9% error would here be able only to increase the error from 9%
to some 10%.

SPECIAL CONDITIONS

Edge guards will clearly reduce edge leakage. In reference (3)
the effect of edge guards was examined, and reported to vary as in
equation 2. As edge guard width increased from zero, the calculated
error dropped from its initial value E, to the value Emin:

E(w) - Emin

- e(cw) (2)
E(0) - Emin

where w = width of edge guard, m
¢ = fitted constant
e=2,718 ...

The value of c varied from about 12 to 50 in different cases.
Typically the value of E(w) approached within 10% of Emin when the
value of edge guard width w exceeded 50 to 150mm width in the cases
studied, in which the HFT width varied from 20 to 500mm. It is not
known whether wider ranges occur. It should be noted that the error
will not fall below the value Emin, even with perfect edge guarding.

A further special condition arises as in equation 3. It is

evident that if R, can be reduced to zero, then there will be no

systematic error. This condition can in principle be achieved by
setting:

i,e., Bmg -~ Rs =Rh + Re (3)
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In our "base case" example, with (Rh + Rec) equal to 0.011l, then
we can achieve the no-error condition by choosing (Rms - Rs) to be also
equal to 0.011, i.e., Rms as 0.09 + 0.011, or 0.0101. This can quite
readily be done by choosing the emittance of the surrounding surface to
be just a little lower than the HFT, about 0.6 to 0.7 in this case.

Such a move is really one of canceling the thermal imbalance
created by the HFT, and could be regarded as being a method of edge
guarding. However, such techniques are available only if one can have
confidence that the surface coefficient (and hence wind speed) will
remain at the design value, and thus would be feasible only in
laboratory conditions.

CONCLUSIONS

1 Very high accuracy is not easily achieved. (To guarantee a 1%
systematic error even in a "benign" case such as a well-insulated
timber framed wall measured indoors, it may be necessary to use
an HFT 500 mm square, resistance of less than 0.009, and contact
resistance that is not only less than 0.002 but also never
changes significantly in use.)

2 It can be better to use systems having stable (and therefore
correctable) error rather than those with very small error, if
that error varies with conditions.

3 Errors may vary widely from time to time in some cases, namely:

- where contact resistance between HFT and substrate changes
- where emittance of HFT and surrounding surface do not match
- where the HFT operates in the "surface controlled" regime.

4 Good reliability is greatly helped by using large HFT's. Size
can be used to offset large HFT or contact resistance.

5 No HFT can be correctly described as having a particular
universal accuracy. The accuracy will vary widely according to
the usage of that HFT.

REFERENCES

1. ASTM STP 885. Building Applications of Heat Flux
Transducers. Special Technical Publication
855, American Society for Testing and
Materials Philadelphia, 1983.

2. Flanders S.N. Confidence in heat flux transducer

measurements. ASHRAE Transactions, Volume 91,
515-531, Jan 1985,

25




3.

4.

Trethowen, H.A.

ASHRAE

Measurement errors with surface-mounted Heat
Flux Sensors. Building and Environment, Vol.
21, No. 1. pp 41-56, 1986.

Handbook of Fundamentals. American Society of

Heating, Refrigeration, and Air Conditioning
Engineers, Atlanta, Georgia, 1989.

26




Haroid A. Trethowen

Q: If we assume a wall construction comprising only a homogeneous layer of insulation, e.g., 200
mm thick, which value for t, the thickness of the surface layer, should I use in your formula
expressing H = f{lRms, Rs, h, t, etc.) to calculate the error E in the power law regime?—Rik van
der Graaf.

A: The medel doesn’t strictly cater for this condition. The model was developed by traditional
“dimensionless analysis,” which is a pragmatic process aimed at getting practical answers to
incompletely understood problems. The k¢ term in the model has been assigned wholly to the
surface layer because that commonly dominates the lateral edge leakage. One can presume that
for very thick or thin surface layers, some adjustment to the ¢ value might be desirable. For
thin surfaces it might need increasing to allow for significant edge leakage in the next layer.
For thick surfaces, including homogeneous walls, it might need limiting by restricting ¢ to the
depth of the major edge leakage—say, 10 mm.

Q: Are the curves presented based on first principles modeling, or empirical results?—Stephen N.
Flanders.

A: The parametric model was derived from the results of finite difference modeling, then corre-
lated by traditional dimensicnless analysis. Finally, all available published measured data were
compared with this model, and shown to fit it adequately. (See ref. 13 in the paper.) This
information is partly given in para 1, page 2.

Q: How does a mismatch of the HFT guard with the HFT proper affect HFT bias?—Stephen N.
Flanders.

A: Mismatch of the guard was not examined systematically in this study. However, in those cases
where a mismatch arose, there seemed to be some sensitivity even to small mismatches (see
the paper by this author in ref 1, STP 885).

Q: What is a representative error for an HFT installed at the inside surface of a conventional
wood-frame cavity wall?—Douglas M. Burch.

A: There is no answer to this question. It depends on the way each project is designed. The
purpose of this paper was to assist project designers to design their own error by understanding
quantitatively the magnitude of different error sources, and particularly to design for stable
error.

In our own projects we have used one design with a stable 6~7% error, and another with about
3-5%. 1 have avoided smaller errors because I regarded the price as too high—in terms of the
error becoming erratic, rather than consistent.
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AN HFT GUARD PLATE FOR EXTERIOR ENVELOPE
SURFACE MEASUREMENTS

J. E. Christian Oak Ridge National Laboratory
Oak Ridge, Tennessee USA

ABSTRACT

A calibrated slab-on-grade edge insulation test facility has been collecting hourly HFT
(heat flux transducer) measurements at Oak Ridge National Laboratory (ORNL) since
February 1989. This facility has been measuring in-service performance of foundation
insulations applied to a monolithic poured slab-on-grade foundation. The site contains
experimental prototypes of a calibrated HFT plate assembly. These were fastened to the
exterior vertical face of the slab edge in two instrument planes cutting perpendicular to
the slab edge and adjacent soil. The HFT guarding and masking technique applied could
be beneficial to others interested in making heat flux measurements on the exterior face of
building envelopes.

The guard was constructed of materials which produce a composite that has a
measured thermal conductivity within 1.5% of the HFT and the same thickness as the
HFT. The guard was designed to minimize the lateral heat transfer at the sensor. The
guarded HETs were sandwiched between two layers of a laminate acting as a mask that
provides protection from the harsh conditions found in the adjacent soil. Provisions were
made for this application to use the extended guards to help distribute uniformly the
horizontal heat flow from the slab edge, yet minimize the potential artificial lateral heat
path caused by the presence of the HFT guard. Threec HFTSs were installed at different
vertical levels on both an insulated and uninsulated slab location. Prior to installing the
HFT assemblies, they were calibrated in the ORNL Thermal Propertics Laboratory using
the Unguarded Thin Heater Apparatus. The in-situ field HFT measurements were
validated with periodic laboratory measurements.

OBJECTIVE

The objective of this paper is to describe the development of a HFT plate assembly
development and show some measured results that illustrate the benefit on exterior
surface envelope heat flux measurements,

BACKGROUND

Recent modeling results suggest that adding slab-on-grade foundation insulation (at
least R-0.88 m*K/W [R-5 ft*h-°F/Btu]) is as cost effective as meeting already
acceptable insulation levels for above-grade walls (R-2.64 m*K/W [R-15 {th-"F/Btu])
and ceilings (R-5.28 m*K/W [R-30 {t*h-°F/Btu]) for most residential buildings in the
us!
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Earth-contact heat transfer for slab-on-grade floors is a major component of the heat
balance in many energy-cfficient buildings, particularly residences, and can significantly
affect heating and cooling energy consumption. This earth-contact heat transfer is
particularly important in U.S. mild climate zones, because the most commion foundation
type in the southern states is slab-on-grade.

The motivation behind this HET plate assembly development was to help:

e  Collect validation data on well characterized-foundation test sites,

® Develop a protocol for measuring the in-service thermal performance of
foundation insulation, and

®  Validate computer models which accurately account for both soil heat and mass
transfer affecting foundation thermal performance.

TEST SETUP

The experiment utilizing the HFTs is being conducted at ORNL, utilizing the slab of
an existing test facility, shown in Figure 1, the Roof Thermal Rescarch Apparatus
(RTRA). This facility is a long, narrow, unoccupied building, 3 x 8.5 m (10 x 28 ft)
oriented with the long sides facing east and west. The test section for the slab-on-grade
insulation experiment is on the east side of this building. One half of the east foundation
wall is currently-insulated, and the other half was left uninsulated. Figure 2 shows a floor
plan of the facility and adjoining test scction on the east side. Figure 3 is a cross section
of the insulated test section of the RTRA where the instrument plane bisects the
insulated test section. The circles indicate thermocouples and the squares indicate heat-
flux transducer locations.

Figure 1. Buiiding used for slab-on-gcade insulation thermal-performance test.
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Figure 3. Instrument plane through insulated slab cross section.

The insulation is mechanically fastened with screws to the 0.6 m (2 ft) deep poured
concrete foundation wall and could be easily removed and replaced with other samples.
The other three walls have been insulated in a similar manner, but with more insulation,
RSI=4.4 (R-25) at the top 0.254 m (10 in.) and RSI=2.2 (R-12.5) at the bottom 0.35 m
(14 in.) in an attempt to reduce the heat loss in those directions and minimize the
disruption of the two-dimensional heat flow from the test foundation section. Buried
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insulation fins extend to the east from the test section at the northeast and southeast
corners of the building. A third insulation fin extends east from the middle of the test
wall, isolating the insulated and uninsulated sections.

The insulation test panel consists of two nominal 2-in.-thick layers of extruded
polystyrene covering the top 0.254 m (10 in.) of the foundation wall, and a single nominal
2-in. layer covering the bottom 0.35 m (14 in.). The insulation used is an experimental
extruded polystyrene blown with HCFC-22, which has about 5% of the ozone depletion
potential of CFC-12.* At the time this developmental insulation was provided to ORNL
by UC Industries, HCFC-22 was a candidate blowing agent replacement for CFC-12.
Prior to field installation this material first underwent test characterization in the
laboratory, and has been installed so that it can be easily removed for periodic thermal
conductivity (k) measurements in the laboratory. Field thermal conductivity
measurements have helped to determine if this insulation ages differently in the field than
in the laboratory.

The in-situ soil on the east side was excavated and replaced with a homogeneous
sand. The dimensions of the sand volume are about 1.2 m (4 ft) deep by 3.66 m (12 ft)
wide by 9.75 m (32 ft) long, extending beyond the 8.53-m (28-ft) length of the RTRA by
about 0.61 m (2 ft) on both sides. A 0.1-m (4-in.) polyvinyl chloride (PVC) drain is
installed to lead excess moisture from the bottom of this sand volume to daylight.

An instrument plane cuts vertically through the middle of each test section and
extends out through the soil to the east of the RTRA. Thermocouples have been
installed on the slab floor and in calibrated experimental panels that form large guarded
and masked heat flux sensor plate assemblies mounted on the exterior surface of the slab
edge. Guarded heat flux sensors (HFTs) and thermocouples have also been mounted
within the insulation test panel, giving a redundant set of measurements to evaluate the
effectiveness of the experimental HET guard plates. Six thermocouple rakes have been
buried at various intervals along the instrunient planes of each test section from the
foundation wall out to about 3.2 m (10.5 ft) from the building.

HEAT FLUX TRANSDUCER PLATE ASSEMBLY

General Description

The HFTs mounted on the slab edge were surrounded by a 0.14-m (5.5-in.) x 0.14-m
(5-5-in.) guard. This guard is constructed of materials that produce a composite that has a
measured conductivity within 1.5% of the HFT. The measured k, perpendicular to the
plane of the HFT, for a dissected thermopile-type HFT was 0.596 W/(m'K) (4.14 Btu-
in./h-ft>*F). With the same measurement apparatus, the value for a small core of the
composite guard was measured at 0.605 W/(m‘K) (4.2 Btu-in./h-ft>°F). The material
consists of a layer of phenolic laminate sandwiched between two layers of aluminum.
Concentric squares were cut in the aluminum to minimize the lateral heat transfer to the
HFT.
The guard was mounted in a larger plate, composed of the same composite as
described above, sandwiched between two layers of PVC laminate to act as a mask for the
HFT. The color of the PVC is very near that of the concrete. The PVC laminate is
fastened to the aluminum with a contact cement. Before the 0.14-m (5.5 in.) x 0.14-m
guard was mounted into the larger piates, the aiuminum layers were machined, leaving
thin cuts made in the aluminum to provide a break for the vertical heat transfer. These
cuts were on 50-mm (2-in.) centers and ran the full length of the plates. Two different

sizes of plates were made: 0.25 x 1.22 m (10 in. x 4 ft), which were mounted on the top
portion of the foundation wall, and 0.35 x 1.22 m (14 in. x 4 ft), which were fastened to
the bottom portion of the foundation wall.
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There were a total of eight plates mounted on the test slab edge, four of which held
HFTs. Two of the 0.25-m- (10-in.-) wide plates together held one HFT and were
positioned so that the center of the HFT would measure the flux 51 mm (2 in.) above the
grade line. Two of the 0.35-m- (14-in.-) wide plates each held two HFTs. One was
positioned so as to measure the flux 0.2 m (8 in.) below grade, the other at 0.35 m (14 in.)
below grade. This setup enabled three heat flux measurements at three different vertical
levels on both halves of the test section.

The other four plates contain thermocouples to measure the vertical temperature
profile within the plate. There are two thermocouples in the 0.25-m (10-in.) plate
measuring temperatures at 51 mm (2 in.) above grade and 51 mm (2 in.) below grade.
There are three thermocouples in the 0.35-m- (14-in.-) wide plate measuring at 0.15, 0.25,
and 0.38 m (6, 10, and 15 in.) below grade. Temperature measurements are also made in
the sand adjacent to the set on the uninsulated side, specifically to compare temperature
profiles and ensure that excessive vertical heat flux has not been caused by the aluminum
in these plates. The long horizontal breaks cut in the aluminum help to distribute
uniformly the horizontal heat flow from the slab edge. These plates minimize the
artificial vertical heat path that would cause heat to short-circuit the insulation and the
sand, and give erroneous HFT readings. The plates do not extend all the way across the
test sections mainly to keep the sections isolated from each other and the adjoining native
composite of clay and rock. However, there are breaks in the aluminum layers in the
vertical direction as well. They are located about 0.2 m (8 in.) from the ends of all the
plates. There is about a 25-mm (1-in.) gap between the edges of the two plates mounted
at the same elevation. The 51-mm (2-in.) offset on the foundation wall 0.25 m (10 in.)
from the top also helps eliminate the possibility of vertical heat flux caused by the plates.
There are redundant HFTSs in the foam on the insulated side that will also be used to
evaluate the effectiveness of these plates.

Before the plates were installed, the entire east foundation wall was given a smooth
cement parget coat that filled in the small stone holes and leveled out the surface to
minimize air gaps between the plates and the concrete. Once the HFT plates were fully
assembled, they were transported to the thermal properties laboratory and laid out in the
unguarded thin heater apparatus to obtain calibration.

HFT Location Considerations
One of the decisions during design of the experiments was the location of the HFTs.

The choices included:

1. In the insulation on the surface in contact with the slab. One problem with this
location is that the product being tested is slightly modified by having a smalil volume
on the surface routed out to accommodate the HFT.

2. In the insulation under the protective covering on the outside. This has one major
shortcoming. There will not necessarily always be a covering below grade. This
leaves the HFT exposed to soil moisture and general mechanical and chemical abuse
caused by the backfill.

3. In the concrete slab edge. This has the shortcoming of not allowing calibration of
the HFT in situ. However, if the guarded sensor could be mounted in a portable
plate, the HFT could be calibrated prior to installation. The plate could then be
mounted in a parget coat of concrete on the slab edge. One major concern is that
there is a lot of vertical heat transfer near the grade level, and precautions would
need to be taken to avoid encouraging additional lateral heat transfer. Another
concern is that it is desirable to keep the HFT away from the elements in order to
avoid drastic fluctuations. This can be done in the insulated case, but cannot be
done if an uninsulated case is to be measured.
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4. In the concrete floor. Again, this would be difficult to calibrate in situ, and it would
be difficult to tell where the measured heat at the slab floor was going; straight
down, under the perimeter insulation, or through the perimeter insulation.

Before a final decision was made, a number of related considerations were
incorporated. It was recognized that an exterior HET location on a slab foundation wall
raises several concerns: 1) a masonry wall may have vertical heat conduction near the
ground level, 2) sensor placement should not contribute significant resistance to the
construction, 3) highly conductive materials are unfavorable for HFT mounting sites, 4)
wide temperature swings should be avoided, and S) some heat flux transducers are
damaged by moisture. The choice of the outside slab edge is a compromise between the
least favorable site conditions with the location of maximum interest.

Having the HFT located in portable plates positioned to minimize the impact on the
heat offers an intriguing bonus. There is the possibility of a calibrated slab edge with
great flexibility for conducting multiple sample testing with minimum reconfiguration
cffort. Also, since slab insulation performance is of major interest, placing the HFT
nearest the actual insulation enables minimum reliance on computer modeling to derive
major conclusions. This is a desirable feature from a technology transfer perspective.

HET Mounting Considerations

The next question then becomes, "How to mount the HFTs?" The importance of this
decision is highlighted by ASTM STP 885, which states, "accuracy is attainable to within
5% error in laboratory applications and within 5 to 20% for in-situ application for the
careful user. Field-use errors on the order of 100% are not unusual if attention is not
paid to proper technique.”

Ideally, heat flux transducers should be located at sites with one-dim :nsional heat
flux perpendicular to the sensor. It is standard to use surface-mounted sensors on the
inside surface unless it is necessary to mount them on the outside surface. Consequently,
not much research or development information has been published on external
applications. Yet, these applications are used extensively and provide the researcher with
great versatility. The ASTM workshop on HFTs recommended that work be done on the
effects of external conditions on HFT operation, reliability, and accuracy.?

Installation of a heat-flux meter in a building wall typically distorts the heat flow
through the wall so that careful interpretation of the meter output is necessary. The heat
flow through the meter is usually not equal to that through the undisturbed material, If
the meter has a higher conductivity than the surrounding material it displaces, it provides
a low resistance path for the local heat flow. The heat flux-through the meter is higher
than the flux in the surrounding undisturbed material. Conversely, if the meter has a
lower conductivity than its surroundings, it produces a locally high resistance path to heat
flow and the flux through the meter is lower than the undisturbed flux. If a meter is
placed on the outside of a wall, it can disturb the local convective heat transfer with the
atmosphere, again giving a different flux through the meter compared to the surrounding
undisturbed material. The meter must also have an emittance similar to the wall being
tested when it is surface mounted.

It is_desirable to minimize both the amount of one-dimensional heat-flux difference
between the meter and surroundings, and the amount of three-dimensional distortion.
The one-dimensional heat-flux ratio is an easy-to-calculate estimate of the true heat flux
ratio. It is calculated by comparing the thermal resistance of a path through the meter to
that of a path outside it. The three-dimensional distortion is that part of the distortion
not included by the one-dimensional model. It is produced by the locally distorted three-
dimensional heat flow around the meter, i.e., by the curvature of the isotherms in the
vicinity of the meter. This distortion is mostly confined to-the outer edges of the meter,
typically decaying in the first 6.35 mm (0.25 in.) of a 51-mm-(2-in.) square uniform meter.
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A guard frame is a lateral extension to the meter, and is made of the same material as the
meter (except that it contains no thermocouple junctions), so that a meter with a guard
frame acts like a larger meter with its sensing area in its center, away from any three-
dimensional distortion effects.

The type of heat-flux transducers sclected for this experiment were the Hy-Cal 51- x
51-mm (2- x 2-in.) model BI-7. Because these sensors have metal cover plates, the
surfaces provide easy paths for transmitting the disturbances produced around the edges of
the meter into the meter’s center sensing area. As a result, guard frames can be less
effective on cover-plated meters. Bligh reports that a 12.7-mm (0.5-in.) wide guard only
reduces the three-dimensional distortion by 30%.® Bligh states that if a cover-plated
meter is fitted with a guard, and a thermal break is provided between the cover plate of
the main meter and that of the guard frame, the mechanism for the easy transfer of lateral
heat from the guard frame to the meter would be removed and the guard would be far
more effective. The purpose of using a guard frame, therefore, is to reduce the three-
dimensional distortion to a level where it can be ignored, and the simple one-dimensional
model can be used. The guard should have similar construction and the same thickness
and thermal resistance as the HFT.

Johannesson recommends using a guard six to ten times as wide as the thickness of
the HFT and calibrating the sensor against a variety of substrates to determine the range
of thermal conductivities for which it may be used.’> The sensor should have the same
absorptance-as the surface to which it is applied to avoid spurious influences from short-
wave radiation. Natural convection is reportedly a minor problem as long as the air gap
between the sensor and the surface to which it is applied is less than 1 mm (0.04 in.).
Good thermal contact between the surface and an HET with a guard is more difficult to
obtain with a larger area.

Flanders states that there is also a need to match convective effects on the HFT and
the surface which is being characterized. The size of the guard would depend on the
thickx;ess of the construction to be measured, but 0.3 m* (3.2 ft?) would suffice in most
cases.

Covering the HFT smooths the flow of air and offers the opportunity to match the
absorptivity of the sensor to its surroundings. ASTM C1046-85 states, "For most
nonmetallic materials, the absorptance is in the range of 0.85 to 0.9, and masking tape or
a more durable alternative will suffice as a cover."* ASTM C1046 also states that a cover
of about 0.093 m* (1 ft?) is suggested for HFTs smaller than 0.1 m (4 in.) on one side.
The method of installing the HFT in portable-guard plates can satisfy all of the above
conditions and permits HFT calibration by a laboratory thermal-testing apparatus.

Construction

Based on the citing consideration listed above, it was decided the best location for
the HFTs was r~ t.e-slab edge, mounted in 0.14- x 0.14-m (5.5- x 5.5-in.) guards. The
guards are cor....ucted of materials which produce a composite that has a measured
thermal resistance within 1.5% of the actual HFT. The measured k& for a dissected HFT
was 0.596 W/(mK) (4.14 Btu-in/h-ft>°F). With the same cut-bar apparatus, the value
for a small core of the composite guard was measured at 0.605 W/(mK) (4.20 Btu-
in./h-ft>°F). This apparatus uses a comparative longitudinal heat-flow measurement
technique.® The error of these measurements is on the order of +3%. Six-inch-square
guard sheets of this material were epoxied together using an epoxy that handles freezing
conditions well. The specific epoxy is APCO 5313, distributed by Chembar, Inc® The
guard-material composite consists of a layer of 1.59 mm (0.0625 in.) phenolic laminate
sandwiched between two layers of 0.51 mm (0.02 in.) aluminum. Figures 4 through 6
show drawings of these guards. Note that the aluminum is removed around the opening
for the HFT to avoid contact between the aluminum guard layers and the sensor. The
concentric squares are cuts in the aluminum made after it is adhered to the phenolic that

35




“JJH "uI-Z X -z 10y pienf Ioonpsuen xng-1e9y Jo mo1a dol, -y aanSrny

-y

[y

auvno .s's 40
HIAUNIO LY IUYNOSZ T |/
df) ONIOVS
410G ALIHM H1IM
SHIDNASNVHL XN14 LV3H |/

AN

«/1 S

(V. Uof;008 sw01s veg)
NONINOTY NOU4
.Gnns.b«oow

_..V<

u

(.8. uopdes 80013 ees)
SAVI LdH 404
ILYNIAV
ONoNaHd

$290°C ONY
NONINNTY

020°0 4O

3031d dOL HOU4

1N TANNYHD

@

9

N\

'm

3aIM .80°0
d3340.80°0

L
j
l_

F X S

(NNNINNTY HONOUKL AVM FHL TTV 0D ANS
DNIONIH LN LON 0a) S3a1S HI08 NO
NONINATY 020°0 Nt SIVO 30IM ,020°0

m'.

wl'
|

@

N

«o/LS

A
(0. uopdes 99013 ses)
ALYNINY OTONIHd NI I10H 281°0
‘NONINNTY NI T10H SZIE0

36




CUT-OUT
CHANNEL FOR HEAT FLUX
TRANSDUCER LEADS ——-\

[~ 0,080 IN—»

= 15 mll PYC LAMINATE 15 mil PYC LAMINATE

AL ALUMN.

fe—r \
0.020 IN, 62,5 MIL. PHENOLIC LAMINATE \
L ( N

_EwAa

LTS
. '
. @)

HFT GUARD

Il IN,
RSN, oo LT
CROSS SECTION A CROSS SECTION B

Figure 5.  Cross section of heat-flux transducer guard showing lead wire channel and
rabbet cut around the HFT opening to prevent aluminum from contacting the
HFT.
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Figure 6.  Cross section of heat-flux transducer guard showing holes for fasteners
designed to-prevent fastener contact with aluminum.

minimize the lateral heat transfer to the sensor. Four holes were drilled in the sensor
guard to mount the HFT and 0,14- x 0.14-m (5.5- ¥ 5.5-in.) guard separately or to provide
better thermal contact between the HFT and envelope component when mounted in a
larger-plate.

For this application, the guard is mounted in a larger plate made of the same
material as the guard, sandwiched between two layers of 0.38-mm (0.015-in.) PVC
laminate that act as both a mask and a protective covering for the sensor. Using k
reported for PVC of 0.16 W/j(m'K) (1.12 Btu-in./h-ft>°F) the k-value of the entire
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a.

C.

Figure 7. Photos of test insulation installation. (a) Foundation wall with heat-flux transducer
plates prior to the ingulation installation. (b) Top 0.25-m- (10-in.-wide pieces of XEPS
installed. (c) Finished test panel before backfilling.
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plate, which includes both cover sheets of PVC, is estimated to be 0.38 W/(mK) (2.65
Btu-in./h-ft**F). Considering the thickness of these plates, the R-value is only 0.09
m*K/W (0.05 h-ft>°F/Btu-in.). The limestone color of the PVC is very near that of

the concrete, which implies an absorptance match. Figure 7 shows the HFT plate
assemblies fastened to the foundation wall. The PVC laminate is fastened to the
aluminum with a contact cement called "High Performance Contact Adhesive 1357." It is
recommended for both aluminum and plastics and maintains a reasonably good bond in a
wide range of temperatures. It is a toluene-base adhesive, so it is possible to disasserable
the plate cover by wetting the bond line with toluene and slowly pulling the laminate.
This permits examination or replacement of the HFT, if necessary.

Figurcs 8 through 13 present a series of photos depicting the assembly of these
plates. The first photo in Figure 8 shows the five layers used to assemble the HFT guard
plates. First, the 0.14- x 0.14-m (5.5- x 5.5-in.) guard is assembled. Figure 9 shows the
larger plate with the machined grooves in the aluminum layers and the 0.14- x 0.14-m
(5.5- x 5.5-in.) guard. One piece of PVC is laminated to the backside before the HFT is
mounted. Figure 10 shows HFT and thermocouple placement within the HFT guard
plate. One of the vertical grooves in the aluminum is used to run the wire leads to the
edge of the plate. Figure 11 shows the contact cement spread on both the aluminum and
the PVC laminate. The area where the HFT contacts the PVC is not glued. Rather, a
thin layer of heat-sink compound is spread over the HFT to provide good thermal contact
between the plate and the PVC. Care was taken so that excess heat-sink compound would
not be squeezed into the 0.51 mm (0.02 in.) channel separating the HFT from the
aluminum in the guard. Figure 12 shows the back of the HFT guard plate with heat-sink
compound over the location ¢f the HFT. Guide holes were punched through the four
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Figure 10. HFT and thermocouple placement within the HFT guard plate.

holes in the 0.14- x 0.14-m (5.5- x 5.5-in.) guards and sealed. It was judged that good
thermal contact among all surfaces would be maintained without additional fasteners at
these locations. If the data suggest poor contact, fasteners can be easily added later,
Figure 13 shows fastened plates. About 10 screws were used to fasten each plate to the
foundation wall.

The parget coat put on the slab test section, along with the flexibility of the panels,
provides good contact between the plates and the foundation wall. Heat-sink compound
was modestly spread on all surfaces between the HFT itself and the PVC, as well as
between the PVC and the concrete, in an attempt to minimize contact resistances. A
single thermocouple is mounted about a half inch away from the edge of each HFT in one
of the grooves cut in the aluminum fayer of the 0.14- x 0.14-m (5.5- x 5.5-in.) HFT guard.
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Figure 12. Back of HFT guard plate with heat-sink compound.
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Figure 13, Plates fastened to foundation wall.
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Figure 14. Heat-flux transducer guard plates showing the sensor locations and
DAS channel number.
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Figure 14 shows HFT and thermocouple locations in the eight HFT guard plates
produced for this experiment. The top four plates are those positioned on the
uninsuiated south part of the east wall. The bottom four are those positioned oh the
insulated north part. The dots indicate the location of 30-gauge copper-constantan
thermocouples. Labeled locations, shown on the top set of plates, are the same on the
bottom set. The data acquisition channel numbers are also shown.

Refore these plates were installed, the entire east foundation wall was given a smooth
parget coat that filled in the small stone holes and leveled out the surface to minimize air
gaps between the plates and the concrete. An acrylic resin bonding agent was used
instead of water to better adhere the parget coat to the existing foundation wall. Plastic
inserts were tapped into masonry holes drilled with a carbide-tip 6-mm (1/4-in.) bit.

About 10 holes were drilled for each plate, for a total of 80 holes. Counter-sunk 25.4-mm
(1-in.) screws were used to fasten the plates to the wall. Each hole in the plates was
counter sunk to be almost flush with the exterior plate surface. This was necessary to
minimize the potential air gap between the insulation and the plates. The screws provided
sufficient strength to pull the plates tightly against the foundation wall.

Calibration

When heat flows through a heat-flux meter it generates an output voltage
(electromotive force, emf) that is very nearly proportional to the heat flux. The aim of
calibration is to find the coefficient of proportionality between the heat flux through the
meter and its output voltage, i.e., its calibration factor, given by:

Calibration Factor = q,/V, (1)

where q,, is the mean heat flux through the sensing area of the meter perpendicular to the
meter surface and V is the meter output voltage.

The ORNL flat-screen insulation tester was used to calibrate the heat-flux
transducers.” This apparatus provides an absolute method for determining the apparent
thermal conductivity, k, of rectangular specimens and is an alternative to the guarded hot
plate (ASTM C-518 1983).® The screen tester is used to obtain steady-state measurements
of heat flux (g/4) and temperature difference (AT) across a horizontally mounted
specimen of known thickness (t) from which k is calculated with Fourier’s law for one-
dimensional (steady-state) conduction heat flow:

qg _ dt _ k T-T, (2)

where T is the temperature of the heat source of the electrically powered 0.9- x 1.5-m (3-
x 5-ft) fine wire screen and T, is the average temperature of the water-cooled copper
plates.

Eight heat flux transducers were calibrated simultaneously. Six of them were
mounted in four heat-flux-transducer guard plates (two in each of two plates and one in
each of two plates), and two were mounted in two different pieces of extruded polystyrene,
which was to be installed in the slab-edge test section of the RTRA.

Since the flat-screen insulation tester can simultaneously measure heat flow across
two rectangular speciniens nioutited above and beiow the screen, two stacks of foam
boards and HFT guard plates were loaded. A layer of ~2-in. thick XEPS was placed
nearest the screen, and two layers of plates were mounted near the heat sink plates, which
were maintained near room temperature.

The measured calibration factors were compared to those provided by the
manufacturer, and they were found to be on average about 12% below the manufacturer’s
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Table 1. Comparison of calibration factors from screcn tester
with those provided by the manufactarers.

SN ORNL flux HyCal flux %
at 1 mVvV at 1 mv ORNL/HyCal
x 100
25 0.3751 0.4786 78.4 ;
26 0.4489 0.4664 96.2 |
27 0.4074 0.4679 87.1
28 0.4114 0.4662 88.2 |
29 0.4129 0.4162 89.5 J
31 0.4011 0.4569 87.8 f
32 0.4027 0.4578 88.0
33 0.4220 04567 924
Average 0.4102 0.4640 88.5

factors, as shown in Table 1. This can be compared with unguarded HFTs mounted in
insulation, which average 30 to 45% below manufacturer values.” This is not surprising if
the manufacturer’s calibration procedure is conducted in such a manner as to avoid the 3-
D heat flow around the sensor, because the high conductivity of the HFT causes the heat
to be channeled through the sensor when it is mounted within insulation, resulting in a
higher flux than the average flux-in the surrounding insulations. The resulting calculated
calibration factor, then, is lower to account for this channeling.

The accuracy of the insulation screen tester to measure k for insulation samples is
within 2%.” If the uncertainty of excessive lateral heat flow in HFT guard plates were
minimal, the calibrating of the calibration factors for all eight of these HFTs could be
considered to be +2%. At this time the actual uncertainty has not been calculated;
however, it is believed to be within 5%.

TEST SECTION: EAST SLAB EDGE

The experimental insulation used was processed on December 10, 1987. A few 0.61-x
0.61-m (2- x 2-ft) specimens were taken from this batch and a measured thermal
conductivity value obtained using the ORNL screen tester and R-Matic. The R-Matic is a
device that conforms to ASTM C-518 (Standard Test Method for Steady-State Heat Flux
Measurements by means of the Heat Flow Meter Apparatus), which is a comparative test
method rather than a primary measurement method.

Figure 15 is a plot that shows all the measured k-values along with the predicted
decay of this material. The circle "O" is the UCI data point, the diamond "o" is the TTU
R-Matic, the open square "0" is the ORNL thin screen tester, and the solid square "W" is
the ORNL R-Matic. The shape of the curve is similar to that of other insulation thermal
aging curves. The curve is a projection based on the nature of thermal decay. The
regression derived from all of the k-value measurements is shown by equation 3:

44




where

k = 153.6467 _ 6.58793

+ 0.262 3
Age? Age (3)
Age = days since manufactured.
k = conductivity (Btu-in./h-ft*°F), to convert to

SI units multiply by 0.144.

The absolute differences between the measurements and predictions using this regression
equation vary from 0.64 to 3.8%. The average density of this material was measured at
0.95 kg (2.1 Ib/ft*). The thickness averaged around 48 mm (1.9 in.).

The thermal conductivity of HCFC-22 is greater than that of CFC-12. An XEPS
blown with HCFC-22 will have a lower thermal resistance than the current product. The
permeability of HCFC-22 in extruded polystyrene is also slightly higher than CFC-12. The
aged resistivity of this material predicted by the aging equation is 0.67 m*>K/W (3.82
h-ft**F/Btu-in.).

The test material was placed in the ground in February 1989. The initial data
collection began on February 13, 1989, that is 430 days after this insulation was
manufactured. Using the curve shown in Figure 15, the estimated resistivity of the test
material installed in February is 0.71 m*K/W (4.05 ft*h-°F/Btu). A 0.61- x 0.61-m (2- x
2-ft) section was removed from the test section 586 days after production, and its
resistivity measured in the ORNL advanced R-Matic was 0.7 m*K/W (3.9 ft*h-°F/Btu)

24°C (15°F).

A 4.3-m (14-ft) section of the east slab edge is insulated. Three layers make up the
-insulation test section. Layer 1 consists of the 0.25-m- (10-in.) wide pieces that fit into
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Figure 15. Laboratory thermal conductivity measurements of experimental

XEPS and thermal aging predictions.
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the slab-edge indentation. The middle 1.22-m (4-ft) scction contains a guarded HFT that
is routed into the panel to measure the heat flux of the slab insulation at about 51 mm (2
in.) above the grade level on the instrument plane, as shown in Figure 7b. This HFT is
coated lightly on one side with heat-sink compound to ensure good thermal contact with
the adjoining foam. The HET and guard are then taped over using masking tape,
although both the guard and the HFT holds with friction alone. No heat-sink compound
is used on the exterior facing surface. The second layer of XEPS fits tightly over this
HEFT, and it was judged that good thermal contact between the HFT and the second layer
of XEPS would be maintained.

Layer 2 consists of three pieces of 0.6-m (24-in.) wide XEPS. The second piece of
XEPS in this layer contains a guarded HFT routed into the surface facing the heat flux
transducer plates attached to the concrete foundation wall at the same height as the HFT
in the instrument plane measuring fluxes 0.2 m (8 in.) below grade. However, the HFT is
mounted about 0.91 m (3 ft) to the left of the actual instrument plane for this test section.
The modeling suggests that approximately the same flux should be measured within this
area. It was judged that placing HFTS on top of each other with only a single 38-mm (15-
m) layer of PVC laminate between the two sensors may cause interference between
SEensors.

Layer 3 is the protective cover for the XEPS. Note that only the above-grade
portion of the XEPS needs to be covered. However, if these panels are to be used as left-
in-place forms for pouring the monolithic slab, the entire foam board needs to be covered
to provide sufficient structural strength to hold the concrete until it sets,

Two sections were used to adhere a PVC laminate over the entire surface that was to
be exposed to the soil. This covering provides sufficient strength to the XEPS/PVC
composite board to be used as forms for monolithic, poured slab-on-grade construction.
Builders would more readily insulate slab edges if there were an easier way to install the
insulation. A left-in-place form that saves the cost of removing and cleaning up wood or
metal foams is attractive to builders,

Before the insulation test panels were mounted, heat-flux-transducer guard plates
were mechanically fastened to the foundation wall as shown in Figure 7. Recall that
Figure 7 is a series of photographs illustrating the assembly of the insulation test section.
The first photo, a, shows the four experimental heat-flux-transducer guard plates on the
test section. The second photo, b, shows the 10-in. insulation pieces installed and the
location of the HFT. The last shot, c, shows the assembled insulated section,

FIELD MEASUREMENTS USING THE HFT PLATE ASSEMBLY

The HFT plate assembly performance has been compared to careful steady-state
laboratory measurements by comparing data taken on the same specimen of XEPS. The
HFT and thermocoupies placed in the instrumentation plane cutting perpendicular to the
face of the slab insulation have been continuously monitored for almost two years. The
sensors are automatically read every minute, averaged and stored hourly. The in-situ
resistivity (R") can be calculated during the heating season by equation 4. The averaging
technique was compared to more complex procedures, and found to provide similar R’
estimates during periods with no heat flow direction reversals:

._ AT
DXE (4)

where
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Rx-value {(ft2 x h x ‘F/Btu x in.)

AT
Q

t

average weekly temperature drop across the insulation
average weekly heat flux measured at the surface of

insulation

thickness of the insulation

Figure 16 is a plot of R’ for 32 weekly heating periods. The field measurement

based R’ values normalized to 55 °F are plotted with "squares” in Figure 16. The HFT
used to produce Q in equation 4 is shown in Figure 14, labeled "CH 4 HFT." This HFT
is measuring heat flow from a foundation approximately 0.2 m (8 in.) below grade. The
specimen age for these field measurements ranged from 430 to 860 days spanning two
heating seasons.

The conductivity of this insulation varies with temperature in order to compare the

field data with the laboratory measurements, all of the R" are displayed as normalized
values at 55°F. The values normalized using the linear regression equation 5.

45

44

4.3

4.2

4.

39

3.8

3.7

36

3.5

R'(55) = R(TM) - 0.013885 * (TM - 55)

©)

Field and Laboratory R-Value

Measurements Normalized to 55 ‘F

I
o/ T
mly’ [N%ﬁ) i IL

IiEnL
BT
&R
i

Figure 16. Average weekly field R-value-measurements and normalized to 55°F
vs sample age.
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where

R(TM) = R-value derived from field measurements at in-situ
temperature (ft>h-F/Btu)
™ = mean in-situ temperature of sample (°F).

The constant in equation 5 was obtained by linear regression of the thermal resistance
measurements on the field specimen pulled in July 1989. The use of equation 5 provides
an extrapolation very near the in-situ insulation temperature, which varied from 8 to 17°C
(47 to 62°F) and minimizes the potential normalization error.

The averaged normalized R’ at 13°C (55°F) for the heating season from 430 to 500
days, representing the heating period from February 13 until April 12, 1989, was 0.74
m>K/W (4.20 ft*h-°F/Btu-in.). The average mean temperature of the insulation
specimen over this period was 12.6°C (54.6°F). The average R’ for the same period one
year later, 1989-90 heating season (day 760-860), was 0.718 m>K/W (4.08 ft>h-°F/Btu).
The average mean temperature of the insulation specimen over this period was 13.3°C
(55.9°F).

The field measurements suggest a slight aging effect (2.8% drop in R-value) of the
insulation. The magnitude of the effect is vary small but roughly consistent with the
laboratory measurements and model predictions.® Measuring in-situ R’ below grade is
more difficult than steady-state laboratory measurements, and there is, consequently, more
scatter in the data, In July 1989 (day 586), a sample from this field installation was
removed and measured in the laboratory using the ORNL Advanced R-matic to measure
steady-state resistivity. The reported resistivity at 12.8°C (55°F) was 0.734 m*K/W (4.17
ft*h-"F/Btu). This compares very well with the field measured resistivity, as shown in
Figure 16. The same specimen was removed from the installation in March 1990. The R-
Matic measurements and evaluation results in a dry sample resistivity at 12.8°C of 0.722
m*K/W (55°F of 4.1 h-ft>°F/Btu) at 830 days. This is about 1.3% below the previous
586 day laboratory measured value. However, the sample was found to have 0.3%
moisture by volume. Using the effect of moisture relationship on the thermal
performances of XEPS blown with CFC-12, the wet R-value can be expected to be about
1% less than a dry sample.® Both of the laboratory measurements are shown in Figure 16
as "o". Taking into account that in the ficld the specimens are actually performing in a
none-dry state, comparisons with steady-state laboratory measurements should be made
cautiously. To reach steady state all of the moisture is typically allowed to escape from
the specimen prior to recording the final laboratory measurement. Nevertheless, if the
laboratory measurement in March of 1990 is reduced 1% to account for the moisture
effect, the laboratory measurement would be 0.715 m*>K/W (4.06 ft*h-°F/Btu). This
compares well with the second half of the entire 1990 heating season average normalized
resistivity at 12.8°C of 0.718 m*K/W (55°F of 4.08 ft*h-°F/Btu). The averaged
resistivity at 12.8°C (55°F) for the entire 1989-1990 heating season from October to April
15, 1990 is 0.70 m*K/W (4.0 h-ft°F/Btu). In general, the in-situ HFT measurements
taken with this HFT plate assembly compare favorably to more carefully controlled
laboratory steady-state measurements, and provide a most desirable insight into actual
dynamic thermal performance of foundation systems.

DISCUSSION AND CONCLUSIONS

A well-characterized slab-on-grade foundation test site has been established. The
design of this experiment has generated the development of an innovative HFT plate
assembly for measuring heat flow on the exterior surface of building envelopes. The 1989
and 1990 winter heating-season performance data have been collected and preliminary
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analysis initiated. The HFT plate assembly designed for this experiment appears to be
performing very well compared to periodic steady-statc laboratory thermal conductivity
measurements taken in the laboratory, on the same field specimens.

The HFT plate assemblies have performed continuously for more than 15 months of
continuous data acquisition. A more conventionally mounted HFT routed into the
insulation fastened to the exterior foundation insulation in this experiment was found to
be unreliable less than three months after installation and eventually failed completely.
An carlier field monitoring project in 1980-82, on a bermed foundation wall at ORNL,
also lost three critical HFTs that were routed into the inside surface of exterior
foundation insulation in contact with the surrounding damp carth. The desire to make
heat flux measurements on the exterior of the foundation wall, which is in contact with
damp soil, is a challenging HFT application. The HFT plate assembly described in detail
in this paper has proven to provide reliable data in one field experiment.

With many of the national building energy codes and standards ready for public
comment and adoption, the issue of foundation insuiation effectiveness will be debated.
Having a reliable means of making thermal performance field measurements will be
valuable in helping others measure for themselves the thermal performance value of
foundation insulation in all building types and climatic conditions.

The information contained in this paper is intended to be the first step in proposing
a reasonable protocol to help resolve regional conflicts relative to foundation insulation
effectiveness. The potential versatility of the HFT plate assemblies described could make
them part of an analysis procedure that helps researchers collect in-service thermal
performance data-on foundation insulation without depending extensively on complex
numerical computer models.
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ffery E. Christian

Q: Can you provide information on how long HFTs maintain their calibrated sensitivities?—
Douglas M. Burch.

A: The experience that I have had with HFTs indicates that the calibration sensitivities can
remain very constant over time, given that they are protected-from excessive moisture. We
have checked the calibration of the HFT's used in a long-term roof insulation aging test after 9
months and found no significant drift in all six HFTs. The calibration procedure is the same as
that described in the paper. It consists of removing a small section of the insulation test
specimen containing the HFT, and using the thin screen tester in the laboratory to provide an
absolute measurement of conductivity.

Q: Did you find differences between the calibration values measured by yourselves and the
manufacturer?—Rik van der Graaf,

A: Yes. Table 1 in the paper shows the comparison of calibration factors from the laboratory
screen tester at ORNL and those provided by the manufacturer. The ORNL-measured cali-
bration factors were 4% to 22% lower than those by the manufacturer.

Q: In your finite difference calculations to assure two-dimensional (2-D) heat flow, how were you
able to know the actual properties of the soil? In-situ soil exhibits spatial and temporal varia-
tions which affect the heat flow. A calculation based on constant properties may show a 2-D
behavior, while the experiment may be highly 3-D. If a 3-D case exists, how would it affect
your experimental conclusions?—Ashley Emery.

A: You make an excellent point. Indeed, the variability in soil thermophysical properties around a
building site can frequently enhance 3-D effects. To avoid exposing this test to these uncer-
tainties, only one side of this building is used-to conduct the characterization of the heat flow.
The inhomogeneous soil was removed and replaced with a well-drained homogeneous me-
dium. Thermal insulation is used to isolate this well-characterized test area from the unknown
soil spatial and temporal variations. The modeling of this experiment thus far has only as-
sumed constant soil properties. We indeed have found that moisture behavior in this soil varies
the heat and mass flow around the base of the building. One of the long-range objectives of
this study is to determine the significance of soil moisture on the energy balance of a building.
If it is found to be significant, then the model will be enhanced to account for variable soil
properties, resulting from moisture flow.
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DEVELOPMENT OF A METHOD TO ASSESS HFT SHUNTING ERROR

R. T. Mack Dow Chemical
T.W. Beardon Freeport, Texas USA

ABSTRACT

A critical parameter in the accuracy of surface-mounted heat flux
transducers (HFTs) is the magnitude of "shunting” of the heat flow around
the HFT, due to the thermal resistance of the transducer added to the
existing system. Assuming the transducer is properly selected, cali-
brated, and installed so that instantaneous heat flux through the HFT
itself can be accurately derived from the output voltage, the -absolute
magnitude of the heat flux through the same site, in the same thermal
environment, and with the system in thermal equilibrium— but with the
HFT removed— would be somewhat higher than the measured value. Usually,
it is desirable to know the heat flux without the extra insulating effect
of the transducer.

Several mathematicai schemes have been proposed for determining the
magnitude of the shunting errort:2.3.4,5, Qur project concerns a tech-
nique wherein a quantitative heat flux mapping technique is used with a
versatile heat flow source and various types of HFTs to test the accuracy
of these (and possibly other) shunting error algorithms. The object is to
empirically verify a practical and accurate method for factoring out
shunting bias error, thereby improving the overall accuracy of HFT
measurements.

This paper reports on progress toward developing such a procedure.
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INTRODUCTION
What is “Shunting"?

Literature comprising the current body of knowledge in surface-mounted
HFT measurements describes several potential sources of error. The focus
of this paper is the potential error source which some authors have
called "shunting”. Shunting is the re-routing of some of the heat flow in
the vicinity of the HFT thermopile, so that the true heat flux through
the thermopile is not exactly identical in magnitude to the heat flux
through the same portion of the test surface, but with no HFT mounted. If
the thermal system is stable with time ("steady-state"” heat flow)— or if
heat flux sampling times and intervals are adjusted to compensate for non
steady-state— and if the HFT is accurately calibrated, then shunting
becomes the single most important source of surface-mount HFT error.

When an HFT is added to the convective and radiative resistances
already existing at a surface, a local site is created which has a
slightly higher overall resistance, even if the HFT is thin and has a
high thermal conductivity. Like most flows, the heat will take the path
of least resistance; a portion of the energy will divert from purely
1-dimensional flow, toward the edges of the HFT (see Figure 1).
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Heat Flow Shunting, Es
Figure 1

Electrical analogies have often been used to express thermal sys-

tems®:7,8, By way of an electrical analogy to describe shunting, we begin
with Figure 2a— a bare wall described as a simple resistance circuit.
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For the bare wall of Figure 2a,

Rr = radiative surface resistance (arbitrary units)
Rc = convective surface resistance (arbitrary units)
Rw = overall resistance of the wall itself (arbitrary units)

The wall resistance, the convective resistance, and the radiative
resistance are all homogeneous, so the flow is one-dimensional, and
therefore "lumped” in the x-direction. The energy flow can be described
by:

(Ohm’s Law)® I=E/R (Ean.1)
whers
I = current flow (energy), amperes.

E
R

electromotive force (potential), volts.
electrical resistance, ohms.

The heat transfer corollary is10:

Q = 4T/R (Eqn.2)
where
@ = heat Tlow (energy), W.
AT = Temperature difference between two points (potential), K.
R = Thermal resistance, K¥m?/W.
Using Eqn.1 to solve for energy flow in Figure 2a.,

I=75/17 = 4.4118 (Egn. 1a)

55




Figure 2b demonstrates the effect of adding the extra resistance of a
HFT to the system. The variable definitions, expressed in arbitrary
units, are:

Ri = installed resistance of the HFT

Rs = resistance to shunting flows around the HFT

Rr1 = radiative surface resistance, bare wall

Rct1 = convective surface resistance, bare wall

Rwi = overall resistance of the wall itself, near HFT
Rrz = radiative surface resistance over HFT

Rcz = convective surface resistance over HFT

Rwz = overall resistance of the wall itself beneath HFT
W = width of the HFT in x

Here, the added resistance imposed by the HFT has disturbed the resis-
tance field, so that resistance can no longer accurately be lumped in X,
and there is some flow in the second dimension. That is, there is a com-
ponent of flow which is parallel to the wall surface. This component Rs
describes the shunting of the flow. It should be noted that this analogy
is an extreme simplification: Re and Rc are not constants, but change
with surface temperature, and the shunting flows will cause changes in
the surface temperature field. Rs is actually variable as a function of
distance in x from the HFT center, so the shunting flow should actually
be evaluated as an integral in x. Furthermore, shunting flows in and
around real HFTs can be further complicated due to variations in conduc-
tivity within the HFT itself.

The simplification of Figures 2a and 2b should be sufficient, however,
for HFT shunting concept familiarization. To proceed with the electrical
model:

According to Kirchoff’s First Law!'!, the algebraic sum of all currents
into a junction is 0. Therefore, at junction "A" in Figure 2b,

I1+1Is -I3 =0 or, Is =1I1+1Is (Eqn.3)
Likewise, at junction "B",
In~1s -~ 14 =0 or, lsi=12-1s (Eqn.4)

Kirchoff’'s Second Law!? states that the algebraic sum of all potential
differences around a current loop must equal zero. We can divide Figure
2b into three current loops (we must consider electrical “ground”-- or
ambient "heat sink"-- the completion of the loop), and solve for the
flows. The first loop models the normal flow beside the HFT. This loop
proceeds from the source "E" through the left branch to "A", continuing
on the left branch to "ground" (sink). In the process, it flows through
Rwi, Rc1, and Rri. From Eqn.3 and Ohm’s Law,

Rw1(I1) + (Rct1 + Rr1)(I1 + Is) = E (Eqn.5)
i5I1 + 2(I1 + I5) = 75 (Eqn.5a)
1711 + 2Is = 75 (Eqn.5b)
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Most of the remainder of the flow is in the right branch, which pro-
ceeds from the source "E" through Rwz to "A", then on through the right
branch through R4, Rc2, and Rrz, and on to ground. From Eqn.4 and Ohm’s
Law:

Rw2(I2) + (RW + Rc2 + Rr2)(I2 - Is) = E (Eqn.$)
1612 + 3(I2 - Is) = 75 {Eqn.6a)
1811 - 3Is = 75 (Eqn.6b)

The last branch is the shunting flow. Proceeding from the source “E"
into the right branch, the shunting current flows through Rwz to "B", as
a part of the current in the right branch. At “B", however, the shunting
flow detours through Rs to "A", and on up the left branch through Rc1 and
Rr1. Ohm’s Law and Eqns. 3 & 4 suggest:

Rw2(I2) + Rs(I2 ~ I4) + (Rct + Rr1)(I1 + I2 - I4) = E (Eqn.7)
1512 + 1(T2 ~ I4) + 2(31 + I2 - 14) = 75 (Egn.7a)
211 +18I2 - 314 = 75 (Eqn.7b)

Equations §b, 6b, & 7b can be solved by substitution. In this case,
the results are:

I3 = 5.0279-- flow from the wall surface (left branch),
arbitrary units.

14 = 3.5847-- flow from the HFY surface (right branch),
arbitrary units.

Is = 0.6983-- shunting (transverse) flow, arbitrary units.

Notice that I4+—— the flow through the HFT surface-- is much less than
the value solved by means of Equation 1a. In fact, it is only

100(3.58/4.41) = 81.25% of the original flow. (Eqn.8)

Most of this error is due to shunting of the flow, as can ba seen from
the value of Is. The rest is due to the actual insulating effect of the
HFT, in that the TOTAL flow from the wall is actually reduced slightly.
The insulating effect of the HFT is taken to be a part of the shunting
aerror by some authors. The major part of this project will deal with
“true" shunting, but we hope to learn a little more about quantifying the
insulating effect, as a side benefit.

Before we leave the shunting example, note that from the (arbitrary)
values assigned to the resistances of Figures 2a & 2b, it can easily be
seen that the higher the (installed) resistance Ru of the HFT, the
greater the reduction in flow through the HFT, and the more flow through
shunting resistance Rs. Thus we would expect that (all other variables
being equal) a thicker and/or less conductive HFT would produce more
shunting error than a thinner and/or more conductive HFT.

Also, the higher the conductivity of the outer wail material (referred
to later in this paper as the "substrate"), the greater the shunting
error, since Rs is an inverse function of the conductivity of the outer
wall material (from Fourier’s Law of thermal conduction).
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And for any given values of Rs, the shunting fraction is reduced for
wider HFTs, since Rs is a function of the length of the conduction path.
This is one of the driving principles to the modern tendency toward
larger HFT "guard" (non-thermopile) areas, and larger overall HFT surface
areas.

Finally, if the values of Rr and/or Rc are reduced, shunting is
greater because Ry becomes a larger fraction of the overall surface
resistance. The model thereby supports H. Trethowen's “surface regime"
arguments in his paper in these Proceedings.

Project Objectives

Usually, it is desirable to know the heat flux without the extra
resistive effect of the transducer. The purpose of this project is to
identify a method of known accuracy and reliability for predicting magni-
tudes of shunting bias error for HFTs with known thermal quantities,
mounted on surfaces of known thermal conductivity, in environments with
quantifiable convective and radiative potentials. The method will then be
used for selection of the best HFT for any given surface-mount measure-
ment circumstance, by means of comparative modeiing. That is, the method
will make it possible to select the HFT which offers the least bias
error. Alternatively, the method might be used as an aid in decisions on
whether more accuracy should be expected by measuring heat fiux with an
HFT, or by calculating flux from convection and radiation equations and
surface temperatures. Finally, if the method proves to be sufficiently
reliable, all or part of the shunting bias error can be factored out of
the HFT measured values, to improve overall surface-mount HFT measurement
accuracy. The key Tasks of the project are seen to be:

1. From the HFT literary body of knowledge, to choose HFT shunting
error mathematical algorithms, and to identify independent vari-
ables for study.

2. To provide a suitable model wall,

a. To provide interchangeable outer surfaces of several represent-—
ative materials, comprising the range of interest of substrate
conductivity.

b. To provide outer wall surface finishes representing the range of
interest for surface emittance values.

c. To provide a reliable, repeatable, constant heat flow source
through the wall. The heat flux shall be adjustable, but without
a cyclic controller (in order to avoid transient effects).
Because of the use of our patented heat flux mapping method, it
is not necessary to provide highly isothermal heat flow from the
surface. However, it is desirable to avoid gross heat flow anom-
alies, so that shunting effects can be more obviousiy manifested
in the "raw" thermal image temperature and heat flux maps.

3. To produce heat flux maps of the surface of the bare model walls
{no HFT mounted) at several average surface temperature increments
comprising the surface temperature range of interest.

4, To provide several types of HFTs with accurate calibrations and
measured thermal resistances, representing the range of interest in
HFT types and sizes.

5. To mount the HFTs one-by-one on the model wall surfaces, and to
produce heat flux maps of the surfaces with HFTs attached, at each
of the temperature increments of Task 3.




6. To derive a method by which the heat flux maps of Task 3 can
be compared to the heat flux maps of Task 5, to determine the
overall magnitude of heat flux difference between the thermo-
pile portion of the HFT and that same portion of the wall sur-
face, with no HFT mounted. The results will be taken to be
the incremental empirical values of shunting error, for the
various systems and conditions modeled.

7. To compare the shunting values derived from the test data to pre-
dictions using the various mathematical modeling algorithms of Task
1, and to choose one or more of those algorithms to adapt to our
standard heat flux mapping job procedures.

Though there are several potential uses for the results of this work,
the project was conceived specifically to support improved low-flow accu-
racy in Dow’s method for heat flux mapping. This method is founded in
infrared thermal imaging and HFT technology. It has proven to be quite
effective in high-to-moderate temperature difference industrial heat flux
mapping applications. With improvements in surface-mount HFT accuracy and
development of techniques to analyze and address non-steady heat flow
situations (see Flanders/Mack paper in these Proceedings), the method
could be extended to buildings and other low delta-T applications. (Our
heat flux mapping method will be discussed in more detail in the DEVELOP-
MENT section of this paper, and in the APPENDIX.)

DEVELOPMENT
Task 1: Selection of Algorithms & Identification of Study Variables

For this investigation, several candidate algorithms were directly
selected from the writings of other researchers, and other techniques may
eventually be derived. The present candidates are described individually
in this section:

Algorithm I Development: Perhaps the simplest model is provided by
Gudni Johannessonl. His Egn. 2.4.6. can be written

Omeas Rs
= (Egn.9)
dact R + Rs
Where
gmeas = heat flux, as measured by the HFT under evaluation, W/m2.
gact = actual heat flux density (without the added resistance of

the HFT, W/m2-

Rs = surface heat flux resistance (a combination of convective,
Rc, and radiative, RrR, resistances), K*m2/W-

Ru = conductive heat flux resistance of the HFT (transducer),
K*m2 /W.

Johannesson himself pointed out that the weakness of this model is
that it neglects the effect of conductivity of the heat transfer surface
that the HFT 1is mounted on (the substrate). This can be especially impor-
tant in the case where the HFT is mounted on a metal surface.
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Additionally, since the HFT surface will be at a temperature slightly
different from the surface temperature of the unmetered portion of the
substrate, the surface heat transfer coefficient will aiso be slightly
different over the transducer. This slight difference is expected to have
negligible effect, considering the low temperature drop across most com-
mercially-available HFTs. Therefore, in this algorithm, all surface
resistance calculations will be based on the temperature of the unmetered
substrate surface.

The surface heat source will be oriented to simulate a warm horizontal
surface, with heat flow upward. An appropriate equation for modeling con-
vective flux is the Rice~-Heilman equation'® (also supported by ASTM
€680).

39.37\0-2 /0.55'0- 181 1.266
qc = 3.152591 } C |----—-- L ¥ 1.847
d Te ‘

(Eqn.10)

or, in terms of thermal resistance:

AT AT
dc = ===~ y Rc = === (Ean.10a)
Re dc
S0,
AT
Rc =
/’39.37 <2 /0.55\.181 1.266
3.152591 C X ¥ 1.8 T
L d Te
(Egn.11)
where
gc = heat flux from the surface due to convection, W/m2.
C = Shape constant. For horizontal, warm facing up is 1.79,
nondimensional.

d = length of plane, m.

Ts = air film temperature (ambient temp + surface temp)/2, K.

T = temperature difference between surface and ambient air, K.

Rec = convective thermal resistance (resistance of the air fiim),

K¥m2 /W,

Likewise, the familiar Stefan-Boltzmann equation will be used to model
radiative heat fluxes:

gr = 0 E(Ts* - Ta%) (Eqn.12)
which can be re-written in terms of radiative resistance,

Ts - Ta Ts = Ta (Egn.2a & 12b)
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Ta = Ta
Rr = (Eqn.13)
0 E(Te* - Ta*)

gr = heat filux from the surface due to radiation, W/m2.

o = Stefan-Boltzmann constant; for S.I., = 5.699%10-8, W/m2kK4, 14
E = surface emittance, non-dimensional.

Ts = surface temp, K.

Ta = ambient air temp, K.

Re = radiative thermal resistance, K¥m2/W.

Next, Equation 9 is re-arranged

Qact ¥ Rs
(Omeas = =—====——==== , Omeas(RH + Rs) = Qact * Rs (Eqn.9a)
R + Rs
Gmeas (RH + Rs3)
Quet = (Eqn.9b)
Rs

and Equations 9b, 11, & 13 are therefore combined to provide the first
algorithm:

Omeas(RH + Rc + RRr)
Qact = (Algo.I)
Rec + Rr

Note: Here, Rc and Rr are as defined in Equations 11 & 13, and Ru is
as defined in Equation 9, and identified through ASTM F433.

Algorithm II Development: Johannesson suggested a method to account'
for the conductivity of the substrate!S— his equation 2.4.2 can be writ~
ten:

& Qs =Ts ¥ (RH/Rw) ¥ ksub * (y/x) * Cu (Eqn.14)

where
4 Qs = transverse (shunting error) heat flow, W.
Rw = overall conductive thermal resistance of the wall cross-section
(without the added resistance of the HFT), Km2/W.

ksub = thermal conductivity of the substrate (outer surface layer of
the wall), W/mxK.
y = thickness of the substrate, m.
X = distance from the edge of the HFT thermopile outward; can be

set to be equal to the width of the HFT "guard" area (for
determining quard effectiveness), m.

Cu = circumference of the metered area— or sensing region— of the
HFT (the thermopile), m.

61




To convert to a ratio of measured to actual surface heat flux, as in
Algorithm I,

Qmeas Qmeas
= (Eqn. 15)
Qact Qmeas +A Qs
or,
Qmeas Qmeas
=z (Egn.15a)
Qact QGmeas + (R4/Rw) * Ksub * (y/X) * CH
and
Qact = Qmeas + (RH/Rw) * Ksub * (y/x) * Cu (A1go.1I1)

Notice that this algorithm neglects the influence of variation in sur-
face resistances due to differences in windspeed and ambient temperature
(effect Rc), and due to differences in radiant background temperature
(effects Rr). These variables influence the overall magnitude of shunt-

ing, as pointed out in the electrical analogy (see INTRODUCTION: What is
"Shunting").

Algorithm III Development: Johannesson implies that a more ideal model
should consider the effects of both substrate conductivity end variations
in convective and radiative resistances. Harry Trethowen has been empiri-
cally refining just such a model for the last several years in New Zea-
land4. A good explanation of this technique is presented in Mr. Treth-
owen’s contribution to the proceedings of this workshop'6, so we will
illustrate here only the adaptation of his work for the purposes of this

experiment.

Qact = Qmeas + (Es/100) * Qact (A1go.III)
where

Es = Trethowen’s Ep, %, or

Trethowen’s Emax, %, or
Trethowen’s Emin, %.
----- whichever is appropriate in each case.

NOTE: Es could be negative in some special cases. One example might be
low Ru, high transducer emittance, and low substrate emittance.

The intent is to try several other algorithms, as well—especially
from those sources cited!:2:3,4,5,

Study Variables: From these algorithms, it can be seen that the vari-
ables of interest are:
. The HFT Calibraticn Factor.
The thermal resistance of the HFT, Ru.
. The width of the HFT guard area.
The emittance of the HFT and the substrate (wall surface layer).
The thermal conductivity of the substrate (wall surface layer).
The thickness of the substrate.

1
2.
3
4.
5.
6.
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7. The thermal resistance of the wall, w/o HFT, Rw.

8. The HFT heat flux indication.

9. The temperature under the center of the HFT.

10. The ambient (convective) temperature, Ta.

11. The convective flow rate (wind speed).

12. The average radiant (heat-sink) temperature of the environment.

13. The heater heat flow output.

14. The temperature profile of the exposed surface of the HFT and sur-
rounding substrate, and the area average.

15. The heat flux profile of the exposed surface of the HFT and sur-
rounding substrate, and the area average.

Task 2: Model Wall Development

Substrate (outer wall surface): There has been considerable recent
discussion in the HFT community regarding the effect of substrate conduc-
tivity— therefore, first priority in the study of the effect of wall
variables was given to the comparison of shunting in two substrates which
differ widely in thermal conductivity. These values are listed in Table
1, along with the substrate thicknesses.

Another parameter which will be varied in the course of these exper-
iments is substrate thickness. Currently, only one thickness of each sub-
strate has been tested. These thicknesses are also reported in Table 1.

Table 1: Substrate Characteristics

Material Thickness* Conductivity
mm W/m~-K
(in) (BTU-in/ft? -hr=-"F)
Copper 15.25 32.4513
(0.60) (225)
Phenolic/ 1.626 0.3606
Fiber (0.064) (2.5)
*average

Surface Finish: The "total normal” emittance of each of the substrates
was measured using a differential thermopile emissometer, and a proce-
dure which is being written into an ASTM standard test method. So far,
experiments have used only one surface coating. The emittance value was
found to be 0.95, for all temperatures of the test series.

Heat Source: Initially, the intent was to employ for this project the
same guarded thin heater device which was the subject of the study in the
report by Bearden & Mack in these Proceedings!?. Because of delays in
obtaining desired heating homogeneity on that device (no pre-existing
temperature patterns which would mimic shunting patterns), another heat
source was required. A device was built in our laboratory using a 0.6096m
X 0.6096m (2ft X 2ft) silicon rubber heating blanket glued to a 3.175mm
(1/8in) thick copper piate, painted on the measurement surface with high
emittance primer. Test data using this heater began to show evidence of
hysteresis, and repeatability sooh became unacceptable. At first, the
source of this error was not evident. Since time was short, the hot-plate
type heater shown in Figure 3 was adapted to continue the experiments.
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Task 3: Heat Flux Maps of Bare Substrates

Equipment: The equipment utilized for the initial work on this project

is described in Figures 4a & 4b. Figure 4a is a schematic representation,
whereas 4b is a photograph of the actual laboratory setup.

Equipment Diagram
Figure 4a.

Equipment Photo
Figure 4b.

The expariments were originally begun with a long-wave (8-12 micron
bandpass mercury-cadmium-telluride detector, LNz-cooled) 25-frame/second
infrared thermal imager loaned to us while our new short-wave imager
(2-5.6 micron bandpass indium-antimony detector, LNz-cooled) was being
prepared. Unfortunately, all the experiments conducted during that period
were flawed (mainly due to heater problems), so all the data used in this
report relates to the short-wave unit. We used an off-the-shelf tempera-
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ture mapping data processing system installed on a desktop computer. The
imager manufacturer also provided a special software 1ink to allow trans-
fer of the thermogram data to files accessible to a market development
version of our heat -flux mapping programs (also installed on the desktop
computer).

The ambient air temperature was measured using the same infrared
pyrometer used for wall surface reference temperature readings. For
ambient air, readings were taken from a low-mass target of known emit-
tance. This data is included in Table 3.

The airspeed was measured using a hot-wire anemometer positioned
slightly to the side of the hot plate, in order to measure the freestream
velocity, rather than the natural convection currents induced by the hot-
plate itself. In all cases, the velocity was <0.015m/s (3ft/min).

Tests to date were conducted in a centrally-heated and cooled labora-
tory which has no significant hot or cold equipment (other than the test
apparatus) and all “"interior" walls (none exposed tc the outside environ-
ment). The radiant environment temperature is therefore taken to be equal
to the ambient air temperature.

The temperature map of the substrate was measured by means of the
infrared thermal imager and computer/software (for converting the pixel
voltage values into temperature values). Figure 5 is an example of a tem-
perature map of a bare substrate (scale is in °F).

Temperature Map, Circuit Board W/O HFT, nom. 399.8K (260°F)
Figure 5

By means of a special routine for transferring temperature map pixel
data, heat flux maps were produced, using computer programs for Dow’s
method for heat flux mapping. More details on the method itself can be
found in the APPENDIX (Technology section). Special details that apoly to
speiialized use of our method in this jndividual project are given under
Task 6.

Figure 6 is a heat flux mapping tabie produced by means of Dow’s
method. This table is in essence a translation of most (Area 2) of the
temperature map of Figure 5 into a heat flux map.
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Task 4: HFT Calibration, Resistance Measurements, & Emittance Matching

A1l the HFTs were calibrated by Holometrix, Inc. to ASTM F433 or ASTM
€518 standards, and the transducer thermal resistances and conductivities
were evaluated according to ASTM F433.

The width of the guard area is fixed for each type of HFT studied, as
all are mass-produced units purchased "off the shelf". It is hoped that
the data will reveal some evidence of the effectiveness of the guards on
the various HFTs as work progresses, even though this variable is not
controlled by the researchers. The width of the guards were measured by
caliper or machinist rule, with the aid of x-ray, where necessary. These
values are also to be found in Table 2.

Since emittance difference between the HFT and the substrate was not a
high priority study variable, tests to date have all been with HFTs
coated with the same paint as the substrate. Emittance was assumed to be
identical.

Table 2: HFT Characteristics
*denotes averaged values.

Type Material Thick -t Gauge Size Face Size R-Value* Sensitivity*
ne mm X mm mm X mm m? -K/watt nv/(W/m?)
(in) {in x in) (in x in) (hr-ft! -F/BTU) | (mv/BTU/nft!)
B Polyimide 2.87 36.83 X 41.66 5.58 x 50.8 0.00792 0.463
(2 x 2) /Glass (0.113) (1.45 %X 1.64) (2.00 x 2.00) (0.045)- (0.147)
20457 Polyester 0.13 12.7 X 16.26 19.05 x 25.4 0.00106 0.01161
-2 Film (0.005) (0.50 x 0.64) (0.75 x 1.00) (0.006) (0.00368)




Task 5: Heat Flux Maps with HFTs Mounted on the Substrates

The temperature map of the HFTs and the surrounding substrate was
measured by means of the infrared thermal imager and computer/software.
Figure 7 is an example of a temperature map of a substrate with a rigid,
2X2 inch polyimide HFT installed, and the subsequent heat flux map of
Area 1 (again, produced by our method for heat flux mapping). Other data
was also collected as described for Task 3.

Note: The Example which begins with Figure 7 and continues throughout
the DEVELOPMENT section is for the Rigid 2X2 HFT at nominal 399.8K (260
deg.F), using circuit board material as the substrate (between the HFT
and the heater). The data of Task 3 and Figures 5 & 6 was used to adjust
shunting calculations on both the Rigid 2X2 and the Film HFTs.

'COLOR LS RATE! LOSS
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Vo : o]
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Heat Flux Table, Circuit Board w/Rigid 2X2 HFT, nom. 399.8K (260°F)
Figure 7

Task 6: Method for Calculating Shunting Fractions from Empirical Data

Modeling Overall Shunting (uncorrected): Programs for our method for
heat flux mapping were used in the alternate “theoretical” mode (Stefan-
Boltzmann for radiant and Rice-Heilman for convective flux from the sur-
face) to determine the heat flux profile of HFTs and the surrounding sub-
strates. Specifically, the computer temperature maps were divided int
areas of anaiysis which had been chosen to best resolve the shunting
effect. The thermopile (metered) area of the transducer pixels was ana-
lyzed to represent the HFT-measured heat flux; Area 1 of Figure 7 is an
example. The average overall heat flux was calculated (from an area large
enough to circumscribe all shunting effects, or from the largest measur-
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able area of the substrate or the heater face), and the percent differ-
ence between this average heat flux and the flux from the metered area
was taken to be the “"raw", or "uncorrected" shunting error for the par-
ticular operating condition (Figure 8).The flux table shown is for Area
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Heat Flux Map, for HFT Overall Shunting Effect
1 = "metered area", 2 = total area evaluated for shunting
Figure 8

Note: although the "theoretical” mode is normally considered much less
-accurate than the primary (based on spot measurement of heat flux) Dow’s
method calculation, it is quite effective here, since the interest is in
relative— rather than absolute— heat flux magnitudes. (Here, the theo-
retical mode is actually more appropriate to isolate the study variable,
since the object of the study is an error variable associated with the
HFT itself).

Modeiing Shunting Details: Intermediate "windowframe" areas (hollow
rectangles) were integrated for area-weighted average temperatures, ’
between the metered area and the outer measurement perimeter. Heat fluxes
were calculated from each windowframe increment, from both unmetered and
-metered images (Figure 9).
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Figure 9
Note: only 7 areas can be shown simultaneously, but the entire profile
surface was analyzed, out to Area 2 in Figure 8. Area 7 is an example of
small areas deleted from the analysis, due to shading effect of the HFT
leads. The heat flux table included is for "windowpane" Area 6.

For both metered and unmetered conditions, the calculated (incremental
area, integral average) heat fluxes from each windowframe increment were
plotted with respect to radial distance from the center of the transducer
to the center of a side of the windowframe (Figure 10a & 10b—~ window-
frame incremental heat fluxes are represented by the solid graph curve).
To enhance visualization of the drop in heat flux beneath the HFT and the
rise in flux just outside the HFT edges, the graph was plotted from the
perspective of a cross-sectional view of the system— that is, looking at
the HFT from the edge (side).
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With graphs 10a & 10b, we have the flux as a function of distance from
the center of the thermopile, for the bare substrate (Figure 10a), and
for the substrate with the rigid 2X2 HFT mounted (Figure 10b). From Fig-
ures 5 & 6 and Figures 7, 8, & 9, it can be seen that the heat flux actu-
ally varied somewhat from side to side— that is, heat flux on the right
side of the HFT was not always exactly the same magnitude as flux on the
left side. The technique of calculating area integral average flux for
the windowframe increments did not differentiate between the sides, how-
ever— so the graphs were plotted as if the sides were in balance.

Notice that the heat flux in the unmetered condition has measurable
variations across the width of the analysis area— that is, the substrate
-surface is not perfectly isothermal. Because the substrate is not per-
fectly isothermal, the flux plot of Figure 10b cannot be taken as a per-
fect representation of the effect of the HFT on the heat flux distribu-
tion at this condition. The effect of the initial maldistribution of flux
should be factored out, in order to improve the representation.

Correcting the Flux_Graphs: Average heat flux (dotted lines, Figures
10a & 10b) was drawn on each of the heat fiux graphs, based on area inte-
gration of the largest rectangle analyzed (1ike Area 2 of Figure 8), with
no areas subtracted except to account for shading by HFT leads. Then, for
each windowframe increment, “"delta values" were calculated relating the
difference between heat flux from the windowframe increment and the aver-
age heat flux, as a function of the radial distance from the center of
the transducer to the center of a side of the windowframe increment.

For example, the average heat flux at (nominal) 126.7°C (260°F)

with the rigid 2X2 HFT mounted is calculated based on pixel data from the
overall area of analysis, and found to be 1509.5 W/m2 (dotted l1ine in
Figure 10b). Next, the average heat flux from the area over the thermo-
pile is calculated (from Area 1, Figure 7) to be 1410.1 W/m2 (shown as
the lowest part of the solid plot line in Figure 10b). For the metered
condition, with the rigid 2X2 HFT, the percent difference (delta func-
tion) between the fiux from the thermopile and the average flux from the
overall area of analysis is

100 * (1410.7 - 1509.5)/1509.5 = -6.58 (Eqn. 16)
— that is, 6.58% BELOW the overall average flux.

The same procedure was used to calculate delta functions for the
unmetered condition. The dotted average flux line and the solid incremen-
tal flux Tine of Figure 10a indicate a slightly positive delta function
in the area where the thermopile will be. Unmetered thermopile area deita
function was calculated (as in Eqn.15) to be +0.43%- that is, 0.43%
-ABOVE the whole heater unmetered average (repeatability variation,
approx. 0.23%).

Next, delta values from unmetered and metered conditions (of the same
sample increments and radial locations) were combined by means of alge-
braic subtraction, and the remainders were used to correct the shunting
graph- for the effect of heater inhomogenicty. For the thermopile area at
Nominal 126.7°C (260°F), the correction is

A gx = -6.58 - .43 = -7.01% (Ean.17)




— or in other words, heat flux through the thermopile is 7.01% less than
it should be to provide an accurate local heat flux reading, given the
existing state of the surrace (with the HFT).

Besides the thermopile rectangle at the center, corrections are also
calculated for all the windowframe increments. The resultant data points
are used to draw corrected flux curves. An example of a corrected shunt-
ing graph is shown in Figure 11. Here, the upper dashed profile line
represents the "raw" (uncorrected) heat flux, the dotted line represents
the uncorrected average heat flux (both same as in Figure 10b.), and the
lower dashed line is the heat flux variation at the same (nominal) tem-
perature, but in the unmetered condition (same as in Figure 10a.). The
solid line represents the heat flux variation, corrected for the original
(unmetered) substrate heat flux inhomogeniety.
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Average Heat Flux Variation vs. Distance "X" from Center
Figure 11

However, the existing state of the surface is not quite “natural”, due
to the slight insulating effect of the HFT. The small insulating contri-
bution of the HFT is often considered separately from the thermopile
shunting error, and we consider it outside the scope of the present pro-
ject. However, since data was available, we decided to investigate the
possibility of solving for this error component, as well,

The same delta value differences (as applied to Figure 11) were used
to calculate the overall offset due to the insulating effect of adding
the HFT over (a part of) the measurement surface. In this application,
the individual delta differences were multiplied by the (windowframe or
rectangle) areas for which they were calculated, and ali these products
‘ere summed algebraically. This sum was divided by the total analyzed
wrea, and then multiplied by the average heat loss for the metered condi-
tion to obtain the (projected) change from unmetered heat flux at the
thermopile site, at these sample conditions. In the case of the example,

Z(AQx*Ax> -

¥ g = Qqi = 0.04 W/m? (Eqgn. 18)
A
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qx = algebraic difference between divergence of unmetered qx from
the unmetered conditiun average heat flux, and metered gx from
the average metered condition heat flux, W/m2.

q = 1509.5 W/m2.
= the average heat flux from the whole analyzed area, in the
metered condition, W/m2.
g: = apparent magnitude of the effect on heat flow due to insulating
effect of HFT (average), W/m2.
A = overall area of analysis, m2.
Ax = Area of increment X, m2.

The result implies that installing the HFT caused an INCREASE in the
average heat flux from the substrate, of 0.04 W/m2. The validity of this
result seems highly unlikely.

The example seems to illustrate that in the present practice, quanti-
fication of the pure insulating effect of the HFT (taken separately from
shunting effect) is probably limited by the imprecision of the exper-
iment. Accordingly, that error component will not be dealt with further
in this report.

Results: A1l significant results are summarized in Table 3 and Figures
12a & 12b.
Test Results: HFT Shunting Error Trend Data for 2 HFTs

Table 3
HFT Substrate Ta, Tave, d, q meas, | Adq,
X K W/m W/m 3
2x2
Rigid
Phenolic 296.7 312.4 156.6 150.9 -3.88
/Fiber 296.6 332.1 419.2 398.1 -5.12
297.3 352.3 724.9 682.0 -6,07
295.8 375.8 1147 1080 -5.83
295.8 393.2 1509 1410 -7.01
Film
Phenolic 296.5 309.7 141.8 135.7 -4.73
/Fiber 296.6 331.4 473.2 451.4 -4.60
296.8 357.5 746.1 712.0 ~-4.84
297.0 375.5 1140 1096 ~3.46
297.6 396.1 1585 1533 -3.84
where,

Ta = ambient air temperature (also used as radiant background
temperature), K.

true average surface temperature of the whole area of
analysis, K.

g = average (theoretical) surface heat flux from the whole area
of analysis, W/m2.

averade (theoretical) heat flux from the area over the thermo-
pile, W/m2.

A q = shunting error, ¥ (see Eqn.16)

Tave

(meas

Figures 12a and 12b present this data in graphical form.
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The curve for the rigid 2X2 HFT was solved by means of a power curve
fit; coefficient of determination was 0.88. The film HFT curve was solved
by means of an eponential curve fit; coefficient of determination was
0.54. In both cases, linear equations fit almost as well.

Task 7: Testing & Selection of Mathematical Shunting Algorithms

Because the data is sparse and contains some questionable values, so
far no attempt has been made to fit the data to any of the shunting algo-
rithms.

SUMMARY

By way of a progress report summary, this section presents a review of
the present status and future plans for each of the Tasks outlined in the
DEVELOPMENT section:

Task 1 Update

HFT literature has been reviewed, and a set of candidate algorithms
has been identified. There is as yet no reason to suspect that the set
of candidate algorithms identified will not produce an adequate model.

Task 2 Update

It has become obvious that most of the problems and delays with the
project are due to inadequate treatment of Task 2, the provision of a
suitable model wall.

Several modifications are already underway. First, a new hot plate has
been designed. The plate will be large enough to accommodate the new gen-
eration of large format HFTs; the plate will be 0.9144m square (3ft X
3ft). The plate will be heated from below by a flowing heat-transfer
fluid which is heated by means of a constant-source, manually adjustable
immersion heater isolated from all significant cyclic effects. Except for
the test surface, the entire heat flow envelope will be well insulated.
Fluid flows will be “tuned” to minimize temperature variations at the
test surface.
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, Separate experiments will be conducted in order to identify a good
range of thermally-stable surface coatings for adjusting the emittances
of HFT and substrate. During the course of previous test work, consider—
able data had to be discarded due to the late discovery of a major dif-
ference in the surface emittance of the HFT and the substrate, after the
substrate was re-coated. This was a non-graybody effect, due probably to
a higher concentration of metallic pigment in the later coating (same can
as originally used to coat both substrate and HFT).

Also, a set of good substrates (individually, thermally homogeneous—
and collectively, providing a good range of thermal conductivity) is
being assembled.

The thermal resistance of the bare wall (without HFT) will be varied
in the course of the work by varying wall material and thickness. In
experiments to date, no layers have been added beneath the substrates to
simulate a real wall— so there is considerable room for more research
here. When used, this wall material will be sandwiched between the
heater and the substrate.

As the project progresses, the effect of air speed on shunting will be
studied through the use of a variable speed fan, a plenum, and a diffuser
duct.

Finally, it is hoped that a controllable environmental chamber can be
located in order to conduct experiments with the heat sink colder or
warmer than normal room temperature.

Task 3 Update

Based on the trial-and-error of this initial phase of the project, a
new and more rigorous test discipline is being formulated, as well. Ele-
ments of the procedure will be modified based on the results of the
mathematical error analysis planned for Task 6.

Task 4 Update

Originally, the plan was to run the test series for the four types of
HFTs most often used by our. group. In the course of calibrations at Hol-
ometrix, two of these HFT types were found to be basically flawed, and
not suitable for our applications. This development has left us in need
of replacements, and we have begun research in order to fill this defi-
ciency. Several more types of HFTs have been acquired, and a few more
will be obtained before they are all sent to Holometrix for calibration
and thermal resistance measurements.

Task 5 Update

Whereas some of the Tasks have not yet produced the desired results,
heat flux mapping of the HFTs has produced a welcome surprise: the high
thermal and spacial resolution of the imaging equipment revealed thermal
details relevant to the heat flux through the individual thermocouple
elements of the HFT thermopiles. Figure 13a is an x-ray of an rigid 2X2
HFT—the Tight indications are details of the thermopile. Figure 13b is
an- infrared thermogranh of the same HFT, at nominal 399.8K (260°F),
Notice that the thermopile is quite recognizable, even though it is
imbedded within a wafer of opaque polyimide.




Figure 13a Figure 13b
X-Ray of Rigid 2X2 HFT Thermograph of Rigid 2X2 HFT

This capability will allow a slight modification to the data collec-
tion procedure, which should result in greatly improved accuracy in
modeling the shunting flows. Before this part of the procedure is
changed, the imaging equipment will be tested for accuracy of combined
thermal and spatial resolution, according to a procedure known as Slit
Response Function (SRF)'8, If the SRF is insufficient using the standard
calibration, a special calibration may be produced for use of the imager
for quantifying the small thermal anomalies over the thermocouple junc-
tions.

Task 6 Update

The procedure derived for extracting values of experimental shunting
flux from the data of Tasks 3 & 5 appears to work reasonably well, in
principle. However, there seem to be some opportunities for improvement:

First of all, note that the “corrected" curve in Figure 11 does not
perfectly fit neat transfer logic; one would expect a rapid rise in heat
flux just outside the guard, with a gradual and smooth deciine toward the
average unmetered heat flux 1inz. The “dip" in the gx line, and the
decline below the average heat {iux line may well be due to experimental
error. Therefore, before proceeding with experiments, the error will be
modeled using Taylor’s Theorem (maximum error) and Pythagorian summation
(probable error). If unacceptably large error sources are identified,
equipment and/or procedures will be modified. In particular, we hope to
improve the experiment to the point where HFT overall insulating effect
can be quantified, as well as pure shunting error.

Table 3 and Figures 12a & 12b reveal two or three other areas of con-
cern which should be addressed before experiments continue: First of all,
the progiression of shunting error with surface temperature increase (as
indicated in the & q column and Figure 12 graph points) is not smooth,
and the immediate implication is that the shape of this function is being
obscured within the experimental error band. Furthermore, the trends seem
to indicate an increase in shunting effect with increasing temperature
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for the rigid 2X2 HFT, while the opposite appears to be true for the Film
HFT. We have no explanation for this at this time.

Since Task 7 has really not been attempted yet, there seems no need
for a progress report. No changes are anticipated from the original! plan.

A student engineer has been assigned to these Tasks virtually full
time, and one or both of the authors will continue to participate on at
least a part~time basis. Depending on other job priorities, it is antici-
pated that this project will identify a reliable HFT shunting bias cor-
rection by late 1990 or early 1991.
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APPENDIX: Dow’s Method for Heat Flux Mapping
Evolution:

Since our method for heat flux mapping is employed extensively as a
tool in these experiments, and since this Method may be unfamiliar to
many readers, a small section follows to describe the technology and its
evolution,

Almost as soon is infrared temperature measurement devices began to
become available, researchers began to anticipate infrared measurements
in terms of heat flow, rather than temperature.® This was not hard to
achieve, since radiometers must derive temperatures from radiant heat
flux measurements. By 1981, spot pyrometers were offered with readouts in
BTU/hr. (M.C. Products, Scottsdale, AZ). By about the same time, Viewscan
Ltd. (Ottawa, Ontario, Canada) was marketing software which would pro-
duce two-dimensional temperature maps from infrared thermal images2© (an
improved version is now offered by AGEMA Infrared, Secaucus, NJ—under
the name CM-Soft).

These early techniques sometimes worked well enough when the quantity
desired was the radiant component of heat flux from a surface, because
the instruments are true radiometers. Often, however, the total heat flux
(radiative + convective) was of interest. Convective fliuxes were solved
from surface temperatures by means of equations based on Newton’s Law of
Cooling, and derived empirically in the laboratory (the Rice~Heilman
equation previously mentioned is one example). When applied to real sys-
tems, these empirical equations either neglect important variables, or
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employ them inaccurately. Large errors often result.

The need for a means of correcting these inaccuracies was well known
to those using the methods.2' HFTs had been (and are yet) often used in
conjunction with thermal imagers, though mainly in that the imager is
used only to locate the most appropriate site for the HFT installa-
tion22:23, Burch & Kusuda (NBS) even derived a method in which an HFT was
used to measure heat input into a substitute target (a calibration
device, used to quantify different parts of a thermal image by matching),
and an infrared image was used as the format for reporting heat fluxes.24

Of all the preceding technology, however, a technique by Flanders and
Marshall125 for mapping building wall R-values probably represented the
extent of the evolution. They calculated wall R-values at two (hottest &
coldest) sites within a thermal image, based on inside and outside sur-
face temperature difference and the heat flux measurements (by HFT) at
the two sites, Then they solved R-value maps by linear interpolation
between the two measured sites.

Technology

Our method was also derived in order to eliminate or compensate for
the theoretical error.2% In basic form, the method consists of a 2-dimen-
sjonal heat flux map derived from a temperature map (typically, produced
by an infrared thermal imager). In this way, our method is similar to
McIntosh’s, but different from Flanders & Marshall’s. However, our method
differs from McIntosh’s in that with the Dow method, the map is corrected
to heat flux values measured by means of a true, total heat flux measure-
ment davice (typically, a HFT). Heat fluxes at sites remote from the
HFT— but within the defined area of the thermal image—are “scaled” from
the HFT reference values by means of an equation derived from radiation
and convection theory2? (this is another way that Dow’s method differs
from the Flanders-Marshall method— theirs is a linear interpolation). An
alternate route is provided in the software to allow uncorrected reports
(based only on convection and radiation theory), when required. This pro-
ject is an example of computations based on the aiternate route.

For economic analysis, enhancements of Dow’s heat flux mapping method
map R-values and dollar-loss values. In cases where repairs or additional
insulation are considered, the proposed system can be compared to the
present system, and savings and Return-on-Investment (ROI) are mapped, as
well.

Precision is very high, with over 40,000 elements of spatial resolu-
tion available (the pixels in the thermal image). Accuracy improvements
are great, as well: the method is considered accurate and reliable in
steady-state measurement when surface-to~-air temperature difference is 15
deg. C (27 deg. F) or yceater. Much smaller temperature differences have
been handled successfully in the lab, and efforts are underway to extend
the method to non-steady state measurements.

An interesting example of the improvement in accuracy which our method
provides over pure convective and radiative temperature-based equations
was illustrated during the shunting error experiments. Early in the work,
we were basing the shunting analysis cn the HFT output. We were working
with a developmental heat flux mapping program, and it was discovered
that this version contained erroneous constants in the Rice-Heilman equa-
tion. After de-bugging, we re-ran the data based on surface temperatures
and radiation and convection equations (rather than HFT output), using
both the original constants and the corrected constants: a typical data
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point example indicated 47.8% difference for area-weighted average heat
loss. (Differences of this magnitude can be found simply by selecting
from among the many published convection equatiouns.) When we ran the same
data based on the HFT, however (the usual procedure with Dow’s method),
the difference in the result using the new constants was only 0.14% for
area-weighted average heat loss! This illustrates that (because of the
nature of the heat flux scaling equations), the accuracy of the radiation
& convection equations has 1ittle bearing on the accuracy of the derived
heat flux map. Accuracy of the heat flux map is almost completely def-
ined by the accuracy of the imager temperature profile and by the accu-
racy of the HFT heat flux reference.

Currently, our method for heat flux mapping is being used for indus-
trial heat flux surveys in these categories:

a. Acceptance Testing of new equipment and systems, to assure that new
purchases meet requirements with respect to heat transfer.

b. Energy conservation studies for management decisions on repair or
retrofit of insulation and/or heat recovery systems on existing equip-
ment.

c. Support of Predictive/Preventive Maintenance (P/PM) programs.

d. Process Energy Balance Analysis, for system optimizing, and for
process R&D.
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VERIFICATION OF A THIN-HEATER DEVICE
AS A SECONDARY HFT CALIBRATION SOURCE

T. W. Beardon Dow Chemical
R. T. Mack Freeport, Texas USA

ABSTRACT

This paper reports the "blind" output response check of two types of
heat flux transducers (HFIs) by means of an open-sided Thin Heater
Device. The device is designed to generate a one-dimensional heat flux
that can be accurately monitored using a precision wattmeter. This known
heat flux is then used to determine the calibration factor for each HFI
placed on the device. The calibration results are compared to
ASTM standard calibrations {ASTM F433-77, ASTM C518-85) performed on the
same HFTs by Holowetrix, Inc.

The calibration tests showed the HFIs to have wuch higher
calibration factors than the values obtained by ASTM methods. The higher
factors were due mostly to edge losses caused by a low face area/edge
area aspect ratio. Modifications to provide even heat distribution
across the device also increased the edge losses, contributing to the
higher calibration factors.
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INTRODUCTION

The increasing demand to measure heat flow through various bodies
using nondestructive methods has created a greater need for the use of
surface-mounted heat flux transducers (HFIs). However, in the past, HFIs
have sometimes earned & bad reputation due to calibration inaccuracy {1].
Calibration techniques known to be accurate are described in ASTM C-1130-
89. Unfortunately, these methods way be too expensive for sowe HFT
users. Also, labs which offer these HFT calibration techniques are few,
and the service is often expensive and time-consuming. A fast, low-cost
secondary calibration technique is needed to support periodic
verification of HFIs by end users, to assure continued accuracy.

This paper reports the "blind” output response check of two types of
HFIs by means of an open-sided Thin Heater Device. The results are
compared to ASTM calibrations performed on the same HFIs by Holowetrix,
Inc. Our calibrations were performed with and without edge guard masks
surrounding the HFTs. The purpose of the masks was to study the shunting
effects created when an HFT is added to a surface.

TECHNICAL APPROACH

A 10.16-cm x 10.16-cm Series 1000-S Primary Heat Flux Standard,
manufactured by International Thermal Instrument Co., was used for this
experiment. An open-sided Thin Heater Device is an assembly that can
generate one-dimensional heat flow that can be accurately monitored.
One-dimensional heat flow is achieved by using two heaters sandwiching an
internal HFT as described in Figure 1.
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Figure 1. Series 1000-S Heat Flux Standard Assembly
(Courtesy of 1T1).
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By connecting the internal HFT to a null voltage detector, the
direction of the heat flow through the device can be determined by the
polarity of the emf generated by the HFT. When no temperature
differential exists across the internal HFT (there is no heat flow
through the HFT), the null detector will indicate a zero wmillivolt
output. After a test HFT has been placed on the metered side of the
device and a "null” balance state has been achieved, the wmetered heater's
outward heat flux can be used to calibrate the test HFTI. To determine

the calibration factor for a test HFT at a given temperature, the
following equation is applied:

CF=q/ A%V (1)
where
CF = calibration factor in (W/m2)/wV,
q = the wetered heater's heat transfer rate in watts,
A = the area of the Thin Heater Device in w3,
V = the test transducer output voltage in mV.

Before running the calibration tests, thermal images of the Thin
Heater were taken at the test temperature points to ensure that even heat
distribution existed across the device. Even heat distribution is
necessary since it is assumed that the heat flux across a test HFT is
equal to the heat flux across the entire device. A fine chalk coating
was first applied to the device to give it a uniform emittance. The
emmnitance of the chalk was measured to be 0.88 using a Devices and
Services, model AE, emissometer.

Figure 2 shows the Thin Heater Device null balanced at 82°C. The
thermal iwage of the device at this temperature revealed a temperature

differential of approximately 40°C. The temperature differential across
the heater varied from 10°C at 38°C to over 45°C at 1049C.
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Figure 2. Thin Heater Device w/chalk at 829C.
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With the thermal anomalies present, an HFT of any size other than
that of the Thin Heater Device itself could not be calibrated accurately.
To better distribute the heat flow, various arrangements of high
conductivity plates were coupled to the device using an assortment of
semi-permanent bonding agents. The most successful arrangement was
ovtained using a copper plate/circuit board combination. A copper plate
was coupled to the metered side of the device using a shellac gasket
compound manufactured by Permatex. Then a thin circuit board plate was
attached to the copper plate using the same shellac gasket compound. The
addition of the two plates lowered the temperature differential from 40°C
to less than 10°C at 82°C (see Figure 3). With a better bonding
technique, an even lower temperature differential should have been
reached. However, a limited time schedule necessitated the continuation
of the calibration tests with the devige in this state.
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Figure 3. Thin Heater Device w/copper & circuit board at 82°C.

TEST SKTUP

The two types of HFIs tested can be seen in Figure 4. Calibration
tests were performed on two of cach of these types of transducers. The
first type of transducer tested was the International Thermal Instrument
Co., Type B Thermal Flux Meter. The wmeter weasures 5.08 x 5.08 x 0.159
ca. Tais type of transducer is a flat plate unit wmade of a polyimide-
glaga material, The szecond type of transducer tested was the RdF, Inc.,
Micro-Foil heat flow sensor. The Micro-Foil sensor has a very low
{hermal capacity and provides virtually an instantaneous measurement of
heat flow rate. The Micro-Foil measures approximately 1.905 cm x 2.54 ca
x 0.127 mm. An amplifier was used to boost the microvolt output of the
RdFs to millivolts for the recording device veing used.
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Figure 4. Two types of HFIs teated.

Figure 5 is a schematic of the Thin Heater Device as it appeared
during the calibrations. The two plates are attached to the metered side
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Figure 5. Thin Heating Device w/mask and HFT.
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of the device as noted earlier. A type K thermocouple is bonded to the
outer circuit board surface to provide an inner temperature reading for a
test HFT.

A schex :*ic of the overasll test setup is illustrated in Figure 6a
with the equipment names listed below it. Figure 6b is a photograph of
the actual test setup used for the RAF calibrations.

The metered heater is connected to the watts transducer and digital
meter to monitor the power supplied to it by the two variable
transformers. Two transformers are connected in series for each heater
to achieve finer adjustmwents when "null balancing” the device. The
internal HFT is connected to a null microvolt detector. The type K
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1. Acoustic Emission Technology Co., millivolt

strip recorder
2.,3. Staco Inc., type 3PN1010, variable autotransformers for

unwetered heater

4, ITI Series 1000-S w/mask

5. Tesat heat flux transducer

6. Type K "cement-on" thermocouple

7. Owmega Omni-Cal therwocouple readout

8., Kiethly 155 null detector/microvoltmeter

9, O0SI PC5-10DX5 watt transducer

10. NES Slimline Panel Meter, model 1DW-8220

11.,12, Staco Inc., type 3PN1010, variable autotransformers for metered

heater
a. Schematic.

Figure 6. Test setup.
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b. Photograph of instrumentation.

thermocouple is connected to a digital thermocouple display. The
thermocouple, combined with a pyrometer, for outer surface temperature
measurements, provide an average reference temperature for the
calibrations. The output of the test HFT is wmeasured using a millivolt
strip chart recorder.

Masks and HFIs were attached to the device using Dow Corning 340
Silicone Heat Sink Compound. Data points were taken at numinal
temperatures of 37.8, 60.0, 82.2, 104.4, and 126.7°C. To reach a data
point, the power to both heaters was slowly increased, while keeping the
internal HFT "null balanced,” until the nominal temperature point was
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reached. The device was allowed to operate at this temperature for
approximately 10 minutes to ensure that an equilibrium state had been
achieved. The ambient, surface, and inner surface temperatures were then
collected. The test HFT output was integrated over a l-minute time
period. The heat rate of the metered heater was recorded as well as an
average of the null microvolt detector. Data collected for the HFIs with
and without masks can be found in Tables 1 through 4 in the appendix.

RESULTS AND DISCUSSION

As can be seen in Figures 7 through 10, the calibration tests showed
the HFTs to have a much higher calibration factor than the values
obtained by Holometrix, Inc. Several factors could contribute to thias
bias. For example, if the internal null HFT in the Thin Heater Device
does not cover the entire heater interface adequately, then the
unevenness of the heat generation already noted could caus: undetected
bi-directional heat flow. Most obvious, however, is the yroblem of edge
losses. The 5.08- x 5.08-cm HFIs have been a standard within our group,
and the small 10.16- x 10.16-cm Thin Heater Device was originally chosen
as wmost appropriate for general work with the 5.08~ x 5.08-cm HFIs. For
accurate calibration, however, a much larger face area would be better.

The original Series 1000-S was already somwevhat thick in relation to
the face area. By the tiwme we added the copper plate and circuit board
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Figure 9, RAF #1285 calibration curves.
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Figure 10. RdF #1286 calibration curves.

material (to better distribute the heat) and the mask and HFT to be
calibrated, it became a stretch of the imagination to look at the device
and still consider it a "thin heater."” Furthermore, the thermal nature
of the added layers is sure to have caused increased edge spill - that
is, higher heat flow rate density from the edges of the copper than from
the calibration face.

Another error source that affected the repeatability of the
experiments becawe apparent during the RiF calibrations. When
temperatures greater than 65°C were achieved, the output of the R4F
transducers became very erratic. To study the cause of this error, we
coupled an RAF transducer to a hot-plate and obtained thermal images at
65°C and 121°C. At the same time, the output of the transducer was being
recorded on a millivolt strip chart recorder. It was determined that at
65°C the RdF's output varied 16%, and at 121°C, the output varied 33%.
Upon examining the thermal image film, it was discovered that the free
convection boundary layer on the horizontal hot-plate was actually
turbulent at 121°C, with the transition from laminar flow taking place
sowmevwhere between 65°C and 121°C {2]. This turbulence acsounted for not
only the high variance but also the high unrepeatability of the RdAF
calibrations.

CONCLUSIORS

The general trend of the thin heater calibration curves for the ITI
transducers agreed substantially with Holometrix data trends, giving